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Abstract
An increasing demand for satellite-based road charging systems
is developing in Europe. Satellite-based road charging involves
charging road users for their road usage by allowing the vehicles
to locate themselves within a certain charge area using Global Nav-
igation Satellite Systems (GNSS). The research presented in this
thesis deals with the performance and technological challenges of
vehicle location determination within GNSS-based road charging
systems.
GNSS-based road charging systems may take on a number of dif-
ferent forms. Depending on the charging objective, these road
charging systems can be designed in various forms and varied by
both policy and technology but they all share the overall function
of charging vehicle users for their road usage. The first part of the
thesis presents a comprehensive overview and classification of the
various forms of road charging systems and enabling technologies;
supplemented with a review of different worldwide examples. Next
the system fundamentals are defined and presented in a concep-
tual framework which forms the basis for the research presented in
this thesis. In order to understand the structure and behaviour of
GNSS-based road charging systems, it is important to highlight the
overall system architecture and define the essential system func-
tions and describe the relationship among them. The framework is
used as a means to structure the discussion about the technological
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challenges of GNSS-based road charging systems.
The thesis discusses the overall performance requirements for the
road charging process within GNSS-based road charging systems.
GNSS allows for time-distance-place charging, where charges are
calculated for each individual vehicle based on the distance driven,
the time of the trip and the vehicle’s geographic position. Time-
distance-place charging is therefore considered a more fair and effi-
cient way of charging as these systems levy charges proportionally
to the distance travelled, and thereby reflects a usage-based ap-
proach more accurately than other charging policies. However,
road charging on the basis of the distance travelled is technically
challenging and is seen as one of the most complex schemes. Deter-
mining the distance driven is the key part of the charging process
and the main dependability concerns therefore revolve around the
road charging process and the performance of the vehicle location
determination function. The thesis provides a thorough review of
the different GNSS-based trials and experiments conducted within
recent years to assess the performance and possibilities of GNSS-
based charging systems.
In 2007–2009, a GNSS-based road charging experiment was con-
ducted in Copenhagen as part of this research in cooperation with
Siemens to assess the performance and technical challenges of
GNSS-based road charging systems based on state of the art road
charging technology. This thesis presents the experiment con-
ducted and provides an assessment of the vehicle location de-
termination function within GNSS-based road charging systems.
Previous trials and performance assessments of GNSS-based road
charging systems have generally focused on the possibilities of the
charging systems rather than on the impossibilities. Often it has
not been clearly described which errors and shortages existed in
the collected data, but instead they have just been excluded as
invalid data prior to the assessments which then concluded that
more focus should be placed on the errors occurred. Hence, it
has been deliberate in this PhD research not to exclude faulty and
incorrect data in the assessment. The results presented in this the-
sis are based on all the collected data from the experiment, in its
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original for, as it would be used as input for the automated charge
calculation process in a road charging system. Furthermore, new
methodologies are developed for assessing the performance of the
vehicle location determination function in terms of data reliability
and navigation function performance. The results from the assess-
ments conducted in this thesis demonstrate that although signif-
icant performance improvements have happened during the last
five years, there are significant challenges to overcome in relation
to implementation and operation of GNSS-based road charging
systems. The technical experiment conducted in this PhD study
proved to suffer from different technical challenges which had dif-
ferent impacts on the overall system dependability. Due to these
challenges, data includes both inaccurate and incomplete data in-
formation, and it is hence concluded that with these high levels of
data invalidity and deficiency, data could not be used in its current
form as basis for a road charging process. These results underline
the importance of a data processing functionality prior to the road
charge calculation and usage determination in the road charging
process.
The assessment of the vehicle location determination function show
significant difference in the required navigation performance. Whi-
le the accuracy requirement in Copenhagen was partly met, the
continuity and hence availability required for vehicle location de-
termination suffered from severe gaps in the positioning data.
These gaps were due to both satellite unavailability, caused by
poor urban signal reception and long receiver acquisition times,
and furthermore due to the various technical problems and con-
figuration faults which occurred during the experiment. As both
the satellite visibility and the positioning accuracy had improved
significantly, the results indicate that the main challenges related
to vehicle location determination are not as often stated due to
positioning inaccuracies but rather due to a high level of position-
ing interruptions mainly caused by GPS. From the performance
assessment it is furthermore concluded that the main concerns re-
garding the unavailability of the vehicle location determination
should be how to eliminate the large downtime and configuration
gaps and reduce the occurrence of the many GPS gaps.
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As data outages and failures may affect the determination of the
distance driven in continuous charging schemes, the thesis provides
means to assess and understand the positioning gap occurrence,
contribution and effects in relation to GNSS-based road charging
systems. Hence, an assessment of the driven distance determina-
tion tolerance towards these different positioning related outages is
provided. The assessment is conducted on the basis of a simulation
methodology developed in this thesis. It analyzes the influence of
positioning gaps on the determination of the driven distance in
both distance-based and distance-related GNSS-based road charg-
ing schemes. The gap tolerance of the distance determination in
both types of charging schemes is important for the road charg-
ing system’s ability to meet the performance requirements and
charge the road users correctly for their road usage. The simula-
tion analyses of the gap influence on the driven distance determi-
nation show that the distance determination function is relatively
robust against small gaps of less than 10 seconds in the position-
ing. However, with several medium and large gaps in the trips,
both distance determination methods have trouble in reproducing
the driven distances with distance deviations more than 1 % from
the truth. The importance of these results is that for the majority
of trips the distance driven can be determined with less than 1 %
distance deviation as the occurrence of small gaps is most frequent
in trips.
GNSS-based road charging systems are considered liability-critical
systems, where denial of service and undetected fault and failures
generate significant legal or economic negative consequences. Any
fault or failures that lead to incorrect charging may cause economic
loss or provoke wrong legal decisions as the economic liability is
associated to the legal aspects due to the repercussion of potential
claims. Hence, the thesis introduces the use of system dependabil-
ity of GNSS-based road charging systems. The concepts of sys-
tem dependability, adapted from computer engineering, provide
an effective means of managing various concerns for road charging
systems within a single conceptual framework. Dependability is
an important requirement for a GNSS-based road charging system
as the system must provide fair charging and gain user trust by
vensuring system reliability and liability. This thesis discusses the
impact of the assessment results in relation to system dependabil-
ity and provides a qualitative dependability risk matrix for the
vehicle location determination function.
To ensure high dependability of the road charging process, fault
tolerant design should hence be considered in relation to many dif-
ferent components and functionalities within the process. Based
on fault tolerant methodologies, this thesis provides guidelines of
how to maintain correct service in the presence of different faults
caused by technical problems related to vehicle location determi-
nation. The main objective of fault tolerant design within the
road charging process is to ensure fair charging of the road users.
This means that redundant systems, procedures and components
should be implemented to ensure that when fault and failures oc-
cur within the road charging process, the road charge foundation
will still be dependable and provide fair results towards both the
road users and the road charging system. This thesis therefore
concludes that though the vehicle location determination perfor-
mance is fair, the focus of the system performance concerns should
be placed on how future GNSS-based road charging system can be
designed to work reliably with the occurrence of both data inva-
lidity and data deficiency. It is therefore important to widen the
focus from technical challenges and component inaccuracies alone
to a focus on the system dependability as a whole. There is how-
ever still some technological challenges to overcome, which to a
greater extent are remediated by better collaboration across the
many different subject areas. As with many other ITS systems,
a successful design, implementation and operation of a system is
only achieved when the many different stakeholders understand
each other’s requirements to the system. The system architec-
ture as a conceptual design together with the system engineering
methodology can help to involve all the different parties in the
system development and hence minimize the misunderstandings
which at the end can become very costly for the system.
Based on the several findings of this PhD research, some gen-
eral guidelines are finally formulated for future GNSS-based road
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charging systems. The proposed guidelines described in the thesis
address both GNSS-based road charging trials in general and a
future GNSS-based road charging system in Denmark.
Resume´
En stigende efterspørgsel efter satellitbaserede kørselsafgiftssyste-
mer er p˚a vej i Europa. Satellitbaserede kørselsafgifter omfat-
ter opkrævning af trafikanterne for deres vejforbrug ved at at
lade køretøjerne bestemme deres position indenfor et givent afgift-
somr˚ade ved hjælp af Global Navigation Satellit Systemer (GNSS).
Den forskning, der præsenteres i denne afhandling, beskæftiger
sig med performanceniveauet samt de teknologiske udfordringer
ved bestemmelse af køretøjets placering inden for GNSS-baserede
kørselsafgiftssystemer.
GNSS-baserede kørselsafgiftssystemer kan antage en række forskel-
lige former. Afhængigt af systemets forma˚l kan disse kørselsafgifts-
systemer være udformet p˚a forskellig vis og varieret efter b˚ade
politiske og teknologiske hensyn, men de har alle til forma˚l at tak-
sere trafikanterne for deres brug af vejnettet. Den første del af
afhandlingen præsenterer en omfattende oversigt og klassificering
af forskellige former for kørselsafgiftssystemer samt mulige teknolo-
gier, suppleret med en gennemgang af forskellige eksisterende sys-
temer. Efterfølgende defineres det grundlæggende kørselsafgiftssys-
tem og dette sættes ind i en begrebsramme, der danner grund-
lag for forskningen præsenteret i denne afhandling. For at forst˚a
GNSS-baserede kørselsafgiftssystemers struktur og virkema˚de er
det vigtigt at fremhæve den overordnede systemarkitektur og de-
finere de væsentlige funktioner samt beskrive forholdet mellem
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dem. Arkitekturen er brugt som et middel til at strukturere diskus-
sionen om de teknologiske udfordringer i GNSS-baserede kørselsaf-
giftssystemer.
Afhandlingen diskuterer de overordnede krav til afgiftsprocessens
ydeevne indenfor GNSS-baserede kørselsafgiftssystemer. GNSS
muliggør kilometer-baseret afgiftsopkrævning, hvor afgifterne be-
regnes for hvert enkelt køretøj baseret p˚a den kørte afstand, tid-
spunktet for turen samt bilens geografiske position. Kilometer-
baseret afgiftsopkrævning betragtes derfor som en mere retfærdig
og effektiv form for afgiftsopkrævning, da disse systemer opkræver
afgiften i forhold til den tilbagelagte afstand, og afspejler dermed
den forbrugsbaserede tilgang mere præcist end andre afgiftsop-
krævningspolitikker. Men kørselsafgifter p˚a grundlag af den tilba-
gelagte afstand er teknisk udfordrende og betragtes ofte som en af
de mest komplekse ordninger. Fastsættelsen af den faktisk kørte
distance er den centrale del af afgiftsopkrævningen, og de vigtig-
ste betænkeligheder omkring p˚alideligheden vedrører derfor denne
del af afgiftsprocessen samt resultaterne af køretøjets lokaliserings-
funktion. Denne afhandling præsenterer endvidere en grundig gen-
nemgang af de forskellige GNSS-baserede forsøg og eksperimenter,
der er udført inden for de seneste a˚r, for at vurdere resultater og
muligheder ved brug af GNSS-baserede afgiftssystemer.
I 2007–2009 blev et teknisk forsøg med et GNSS-baseret kørselsaf-
giftssystem udført i København som en del af denne forskning i
samarbejde med Siemens. Forsøget blev udført for at vurdere re-
sultater og tekniske udfordringer ved GNSS-baserede kørselsafgifts-
systemer baseret p˚a den nyeste kørselsafgiftsteknologi. Denne af-
handling præsenterer det udførte eksperiment og giver en vurder-
ing af køretøjets lokaliseringsfunktion inden for GNSS-baserede
kørselsafgiftssystemer. Tidligere forsøg og vurderinger af ydeev-
nen af GNSS-baserede kørselsafgiftssystemer har generelt fokuseret
p˚a mulighederne i afgiftssystemerne i stedet for begrænsningerne.
Ofte har det ikke været klart beskrevet, hvilke fejl og mangler der
eksisterede i de indsamlede data, men i stedet er de blot blevet
udelukket som ugyldige data forud for de foretagne vurderinger,
som derefter konkluderede, at mere fokus bør lægges p˚a de fundne
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fejl. Derfor har det været bevidst i denne ph.d.-forskning, ikke
at udelukke fejlagtige og forkerte data i vurderingen af ydeev-
nen. Resultaterne der er præsenteret i denne afhandling er baseret
p˚a alle de indsamlede data fra forsøget, i sin oprindelige form,
som det ville være input til den automatiserede afgiftsberegn-
ingsproces i et kørselsafgiftssystem. Endvidere er der udviklet nye
metoder til vurdering af køretøjets lokaliseringsfunktion i form af
datap˚alidelighed og lokaliseringsfunktionens performance. Resul-
taterne af vurderingerne foretaget i denne afhandlingen viser, at
selvom betydelige performanceforbedringer er sket i løbet af de sid-
ste fem a˚r, er der væsentlige udfordringer at overvinde i forbindelse
med implementering og drift af GNSS-baserede kørselsafgiftssyste-
mer. Det tekniske forsøg i dette ph.d.-studie viste sig at lide under
forskellige tekniske udfordringer, som havde forskellig indvirkn-
ing p˚a den samlede systemp˚alidelighed. P˚a grund af disse ud-
fordringer, omfatter data b˚ade unøjagtige og ufuldstændige infor-
mationer, og det konkluderes derfor at med disse høje niveauer af
datainvaliditet og -mangel, kan data ikke anvendes i sin nuværende
form som grundlag for en afgiftsberegningsproces. Disse resultater
understreger betydningen af at anvende en dataprocesseringsfunk-
tionalitet før afgiftsberegningen og vejforbrugsbestemmelsen i afgift-
sprocessen.
Vurderingen af køretøjets lokaliseringsfunktion viser en signifikant
forskel i den ønskede lok´aliseringsperformance. Mens nøjagtigheds-
kravet delvist var opfyldt i København, led kontinuiteten og dermed
tilgængeligheden nødvendig for bestemmelsen af køretøjets lokalitet
af alvorlige udfald i positioneringsdata. Disse udfald skyldtes b˚ade
satellitutilgængelighed, for˚arsaget af ringe signalmodtagelse i by-
omr˚ader og lang signalerhvervelsestid hos modtageren, og end-
videre de forskellige tekniske problemer og konfigurationsfejl, der
opstod under forsøget. Da b˚ade satellitsynligheden og positioner-
ingsnøjagtigheden gennem de seneste a˚r er forbedret markant, viser
resultaterne at de største udfordringer i forbindelse med bestem-
melse af køretøjets lokalitet ikke som ofte antaget, er positioner-
ingsunøjagtigheder, men snarere et højt niveau af positioneringsaf-
brydelser hovedsageligt for˚arsaget af GPS. P˚a baggrund af re-
sultatvurderingen konkluderes det endvidere, at de væsentligste
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bekymringer vedrørende den manglende tilgængelighed til køretø-
jets lokaliseringsbestemmelse bør være, hvordan den lange sys-
temnedetid og konfigurationsudfaldene kan fjernes samt hvordan
forekomsten af de mange GPS-udfald kan reduceres.
Da dataudfald og -svigt kan p˚avirke bestemmelsen af den kørte
afstand i kontinuerlige afgiftssystemer, giver denne afhandling mu-
lighed for at vurdere og forst˚a forskellige forekomster, bidrag og ef-
fekter af udfald i relation til GNSS-baserede kørselsafgiftssystemer.
I denne afhandling præsenteres en vurdering af distancebestem-
melsens tolerance overfor disse forskellige positioneringsudfald. Vur-
deringen er foretaget p˚a grundlag af en simuleringsmetode der er
udviklet i denne afhandling. Metoden analyserer indflydelsen af
positioneringsudfald i forhold til bestemmelsen af kørte kilometer i
b˚ade distancebaserede og distancerelaterede kørselsafgiftssystemer.
Udfaldstolerancen i afstandsbestemmelsen i begge typer afgiftssys-
temer er vigtig for kørselsafgiftssystemets evne til at opfylde krave-
ne til ydeevne samt i forhold til at taksere brugerne korrekt for
deres vejforbrug. Simuleringsanalyserne af indflydelsen af udfald
p˚a bestemmelsen af den kørte afstand viser at afstandsbestem-
melsesfunktionen er forholdsvis robust over for sma˚udfald p˚a min-
dre end 10 sekunder i positioneringen. Men med flere mellemstore
og store udfald i turene, har begge afstandsbestemmelsesmetoder
svært ved med at reproducere den kørte afstand med afstand-
safvigelser p˚a mere end 1 % fra den sande værdi. Det vigtige ved
disse resultater er, at den kørte afstand kan fastlægges med mindre
end 1 % afvigelse for hovedparten af turene eftersom forekomsten
af sma˚udfald er hyppigst i de kørte ture.
GNSS-baserede kørselsafgiftssystemer anses for at være ansvarskri-
tiske syste-mer, hvor nægtet service samt uopdagede fejl og man-
gler har betydelige retslige eller økonomiske negative konsekvenser.
Fejl eller mangler, der fører til ukorrekt afgiftsopkrævning, kan
for˚arsage økonomiske tab eller føre til forkerte juridiske afgørelser,
idet det økonomiske ansvar er knyttet til de juridiske aspekter
som følge af potentielle klager. Derfor introducerer denne ph.d.-
afhandling anvendelsen af begrebet systemp˚alidelighed i forbindelse
med GNSS-baserede kørselsafgiftssystemer. Begrebet systemp˚alide-
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lighed, som er tilpasset fra informationsteknologien, er en effektiv
metode til h˚andtering af de forskellige betænkeligheder i forbindelse
med kørselsafgiftssystemer inden for en fælles begrebsramme. P˚a-
lidelighed er en vigtig forudsætning for et GNSS-baseret kørselsaf-
giftssystem, som skal levere en retfærdig afgiftsopkrævning og sikre
brugernes tillid ved at sikre systemets p˚alidelighed og ansvar. Den-
ne afhandling diskuterer konsekvenserne af vurderingsresultaterne
i forhold til systemets driftssikkerhed og præsenterer en kvalitativ
risikomatrix for driftssikkerheden af køretøjets lokaliseringsfunk-
tion.
For at sikre afgiftsprocessen en høj driftssikkerhed, skal fejltoler-
ant design derfor overvejes i forhold til de mange forskellige kom-
ponenter og funktioner der indg˚ar i processen. Baseret p˚a fejltol-
erante metoder, giver denne afhandling retningslinjer for hvordan
man kan opretholde korrekt service ved tilstedeværelsen af forskel-
lige fejl, der skyldes tekniske problemer i forbindelse med bestem-
melse af køretøjets lokalitet. Hovedforma˚let med fejl-tolerant de-
sign inden for afgiftsprocessen er at sikre retfærdig taksering af
brugerne. Det betyder, at redundante systemer, procedurer og
komponenter bør indføres for at sikre, at n˚ar fejl og svigt forekom-
mer inden for afgiftsprocessen vil kørselsafgiftsfundamentet stadig
være p˚alideligt og give retfærdige resultater for b˚ade brugerne
og kørselsafgiftssystemet. Denne afhandling konkluderer derfor,
at selv om performanceniveauet for bestemmelsen af køretøjets
lokalitet er fair, bør opmærksomheden omkring systemets perfor-
mance rettes imod hvordan fremtidige GNSS-baserede kørselsaf-
giftssystemer kan designes til at virke driftsikkert med forekomsten
af b˚ade data invaliditet og datamangler. Det er derfor vigtigt at
udvide fokus fra tekniske udfordringer og komponentunøjagtighed-
er alene til et fokus p˚a p˚alideligheden af systemet som helhed.
Der er dog stadig nogle teknologiske udfordringer at overvinde,
som i højere grad elimineres ved bedre samarbejde p˚a tværs af de
mange forskellige involverede fagomr˚ader. Som med mange andre
ITS-systemer, kan vellykket design, implementering og drift af et
system kun opn˚as, n˚ar de mange forskellige interessenter forst˚ar
hinandens krav til systemet. Systemarkitekturen som konceptuelt
design sammen med den systemteoretiske metode kan bidrage til at
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involvere alle de forskellige parter i systemudviklingen og dermed
minimere de misforst˚aelser, der i sidste ende kan blive meget dyre
for systemet.
Baseret p˚a de mange resultater af dette ph.d.-studie, er nogle
generelle retningslinjer endeligt formuleret for fremtidige GNSS-
baserede kørselsafgifts-systemer. De foresl˚aede retningslinjer, der
er beskrevet i afhandlingen omfatter b˚ade GNSS-baserede kørselsaf-
giftsforsøg i almindelighed og et fremtidigt GNSS-baserede kørsels-
afgiftsssystem i Danmark.
”Dancing in all its forms cannot be excluded
from the curriculum of all noble education; danc-
ing with the feet, with ideas, with words, and,
need I add that one must also be able to dance
with the pen.”
Friedrich Nietzsche (1844-1900)
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Preface
This thesis is the result of a PhD study entitled ”GNSS-based
Road Charging Systems – Assessment of Vehicle Location Deter-
mination”. The study is sponsored by Siemens and has been pre-
pared at the Department of Transport, Technical University of
Denmark. The PhD study has been supervised by Professor Otto
Anker Nielsen.
This PhD study deals with assessing the performance of the vehicle
location determination that computes the position measurements
used for road charging. The study is based on a technical road
charging experiment conducted as a part of this PhD work in col-
laboration with Siemens during 2007–2009. The work presented
in this thesis is relevant for authorities, companies and researchers
working with GNSS-based road charging systems. However, the
methodologies, results and considerations presented can also be
applied for other GNSS-based liability-critical applications.
This thesis is submitted as a partial fulfillment of the requirements
for the degree Doctor of Philosophy PhD in engineering science.
Kgs. Lyngby, Denmark,
May 2011
Martina Zabic
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Chapter 1
Introduction
1.1 Background
There is an increasing demand for satellite-based road charging
systems in Europe. Within recent years, governments and deci-
sion makers have become aware of the possibility of reducing the
urban transport problems in Europe by the use of satellite systems.
Several countries are hence considering initiating a national-scale
satellite-based road charging system.
In Denmark, the Government is considering implementing a satelli-
te-based road charging system as road charging and toll ring sys-
tems have been discussed intensively in Copenhagen during the
last 10 years. As a part of the green transport policy, decided
in 2009, the Danish Government wish to implement an intelli-
gent kilometer-based road charging system at a national scale in
Denmark [Ministry of Transport, 2008]. The objective hereof is
that it should be cheaper to buy a new, safe and environmentally
friendly car, but more expensive to drive the car - especially in
congested periods and areas [Næss-Schmidt et al., 2010]. How-
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ever, the timescale for implementing intelligent road charging in
Denmark is at the time of writing undefined.
Satellite-based road charging involves charging road users for their
road usage by allowing the vehicles to locate themselves within
a certain charge area using Global Navigation Satellite Systems
(GNSS). GNSS-based road charging systems allow for cumulative
distance charging, where charges are calculated for each individual
vehicle based on the distance driven, the time of the trip and the
vehicles’ geographic position. Hence GNSS-based road charging
systems are considered a more fair and efficient way of charging
as these schemes levy charge proportionally to the distance trav-
elled, and thereby reflect a usage-based approach more accurately
than other charging policies. GNSS-based systems have the ad-
vantage that they more easily can be modified and expanded for
larger geographic coverage or new areas and that they also are
able to provide value added information and services to the drivers
such as real time weather and traffic information. In the light of
these benefits, policy makers are looking at initiating nationwide
GNSS-based congestion charging schemes. However, nationwide
road charging on the basis of the distance travelled is technically
challenging and is seen as one of the most complex schemes.
GNSS-based road charging systems are considered liability-critical
systems, where denial of service and undetected faults and fail-
ures generate significant legal or economic negative consequences.
As many other ITS applications, GNSS-based road charging sys-
tems use various technologies (computers, communications, sen-
sors etc.) and include a continuous exchange of information within
the system. In GNSS-based road charging systems the computed
position, velocity and/or time are used as the basis for charging
[Cosmen-Schortmann et al., 2008]. Any fault or failures that lead
to incorrect charging may cause economic loss or provoke wrong
legal decisions as the economic liability is associated to the legal
aspects due to the repercussion of potential claims. Dependability
is hence an important requirement for a GNSS-based road charg-
ing system as the system must provide fair charging and gain user
trust by ensuring system reliability and liability.
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1.2 Research Questions and Objectives
This PhD study deals with assessing the performance of the ve-
hicle location determination function that computes the position
measurements used for charging. Therefore the focus of this thesis
is framed by the two following research questions:
• What is the existing performance level of the vehicle location
determination with state of the art road charging technol-
ogy?
• What are the technological challenges of the vehicle location
determination in GNSS-based road charging systems?
The aim of this thesis is hence to provide an overall assessment
of the challenges and performance level of the vehicle positioning
in GNSS-based road charging systems. Based on a technical road
charging experiment conducted in Copenhagen as a part of this
PhD work, this thesis aims at providing results on the present
level of performance of GNSS-based road charging systems. To do
so, the objectives of this PhD thesis are:
• To provide an overview of existing road charging schemes
and enabling technologies.
• To understand the functional and non-functional require-
ments for GNSS-based road charging systems and define a
conceptual design.
• To provide new methodologies for performance assessment
of the vehicle location determination function.
• To suggest guidelines for future GNSS-based road charging
systems.
1.3 Outline of the Thesis
The PhD thesis consists of nine chapters, structured so as to re-
flect the research objectives listed above. Each chapter consists
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of different sections and subsections, beginning with a short intro-
duction and ending with some concluding remarks. The overall
thesis structure is given in Figure 1.1. The organisation of the
thesis is as follows:
Chapter 1 introduces the PhD study and defines the purpose
and outline of the thesis. This includes an outline of the key re-
search questions and main objectives; and a outline of the thesis
content.
Chapter 2 describes the potential of road charging systems.
The chapter introduces the road transport problems and describes
the different road charging objectives, followed by a classification
of the many different types of charging schemes. An overview of
existing road charging schemes is provided together with a descrip-
tion of enabling technologies for road charging schemes.
Chapter 3 defines the conceptual framework based on the
concepts of system engineering. The chapter classifies the system
requirements and determines the functional requirements for the
satellite-based charging systems. This is followed by a description
of the different system functionalities and a definition of the high-
level system architecture for GNSS-based road charging systems.
Chapter 4 presents the overall performance requirements for
satellite-based road charging systems. The chapter highlights the
road charging process as the key part of a road charging system
and defines a functional flowchart for this process. A description
of the navigation function and the charge calculation methods is
provided, followed by an in-depth literature review of GNSS-based
road charging studies.
Chapter 5 presents the technical road charging experiment
conducted as a part of the PhD study. This includes the exper-
imental design and the challenges during the experiment. Here-
after, a data reliability assessment is presented together with the
main results of this assessment.
1.3 Outline of the Thesis 5
Figure 1.1: PhD Thesis Structure.
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Chapter 6 provides the main performance assessments of
the vehicle location determination function. First, a comparative
assessment of the satellite visibility and dilution of precision in
Copenhagen between 2003–2008 is presented. This is followed by
an assessment of the required navigation performance parameters
and the time to first fix based on new methodologies developed
for this research. Finally, a thorough discussion of the assessment
results is presented together with a classification of the error con-
tributions to the vehicle location determination function.
Chapter 7 presents an assessment of the positioning gap influ-
ence on the driven distance determination based on new simula-
tion methodologies developed for this purpose. The gap influence
results are summarized for both charging methodologies and the
probabilities of different charging outcomes are demonstrated.
Chapter 8 discuss the dependability of GNSS-based road
charging systems. The results from these different assessments in
this thesis are summarized and the dependability risk is assessed.
Hereafter, this chapter discusses fault tolerant road charging sys-
tem design and provides the guidelines proposed by this thesis for
both GNSS-based trials and future road charging systems.
Chapter 9 presents the findings and main contributions of
this PhD thesis. This is followed by the thesis conclusions and
recommendations for future research.
1.4 Main Contributions of this PhD Study
This PhD study deals with assessing the performance of the ve-
hicle location determination function that computes the position
measurements used for charging. In the process of answering the
stated research question, this PhD work has contributed with:
• A theoretical study on GNSS-based road charging systems
contributing with a thorough description of the potential of
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GNSS-based road charging systems, the functional and per-
formance requirements to the core system functions, the sys-
tem architecture and a comprehensive overview of existing
road charging schemes and previous performance studies.
• A technical road charging experiment contributing with
new results on the GNSS-based road charging system perfor-
mance based on state of the art OBU technology. The exper-
iment, including 40 vehicles, was conducted in Copenhagen
between 2007 and 2008. Siemens provided the road charging
technology while the overall management, coordination and
evaluation of the experiment was conducted within this PhD
study.
• A comprehensive assessment of the vehicle location de-
termination performance based on both the collected data
from the experiment and simulation. The assessment con-
tributes with new performance assessment methodologies,
comparisons with previous research and new results and de-
pendability conclusions.
The main contributions of the PhD thesis are given in Table 1.1.
Additionally, the technical road charging experiment with Siemens
has contributed with great new experiences on trial set-up and ex-
ecution regarding GNSS-based road charging systems. Through
good cooperation with Siemens, the technical challenges regard-
ing this experiment have given both parties valuable knowledge
about improving technical solutions and more importantly knowl-
edge about the next steps forward towards future intelligent road
charging systems.
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Table 1.1: Main Contributions of this PhD Thesis.
Chapter 2
The Potential of Road
Charging Systems
The aim of this chapter is to describe the potential of road charg-
ing systems. The chapter introduces the urban transport problems
and describes the causes of congestion. Next, the different road
charging objectives are described, followed by a classification of the
many different types of charging schemes. Finally, an overview of
existing road charging schemes is provided together with a descrip-
tion of enabling technologies for road charging schemes.
2.1 Introduction
Close to 495 million citizens live in Europe1and most of them use
transport in their everyday-life. As transport provides these citi-
zens with access to goods, services, employment and social activi-
ties, it also creates an ever-increasing need for sustainable mobility.
European cities increasingly face problems caused by traffic and
1EU 27 [European Commission, 2008]
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transport as the growing need for mobility meets the restrictions
of limited road space. Most transport problems occur whenever
the transport demand exceeds the infrastructure supply, resulting
in congestion. However, expanding the road network to increase
the infrastructure supply is not a realistic approach towards sus-
tainable mobility, as studies indicate that in time new mobility de-
mands will meet up with the road capacity levels again ([Noland,
2002] provides a comprehensive review).
Satellite based road or congestion charging is one way of ensur-
ing that travel demand is distributed more evenly across available
road space and time of day and several strategies exist on how to
implement these systems [Pickford and Blythe, 2006]. Hence there
is an increasing demand for satellite based road charging systems
in Europe. Within recent years, governments and decision mak-
ers have become aware of reducing the urban transport problems
in Europe by the use of satellite systems and several countries,
are considering national scale satellite-based road charging sys-
tems. Satellite-based road charging involves charging road users
for their road usage by allowing the vehicles to locate themselves
within a certain charge area using Global Navigation Satellite Sys-
tems (GNSS).
Road charging systems may take a number of different forms. De-
pending on the charging objective, these road charging systems
can be designed in various forms and varied by both policy and
technology but they all share the overall function of charging vehi-
cle users for their road usage. As many other intelligent transport
systems, road charging systems use a wide range of various tech-
nologies (computers, communications, sensors etc.) and include
several different elements that need to interact successfully in or-
der to obtain an effective road charging system.
The aim of this chapter is to create a basis for the research on
GNSS-based road charging systems presented in this thesis. The
chapter firstly describes the congestion problems in Europe and
the means by which road charging can help to reduce conges-
tion and its environmental impacts. Secondly, the chapter defines
eight different road charging schemes and provides a comprehen-
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sive overview of existing road charging schemes and the technolo-
gies enabling these schemes.
2.2 Urban Congestion Problems
Over the past several decades, the demand for transport in Europe
has increased dramatically, causing urban areas across Europe to
suffer from persistent and rising transport problems.
Since 1980, the number of passenger cars in Europe has doubled
(see Figure 2.1, [European Commission, 2007]) and in addition,
goods vehicles have increased by more than 40 % since 1995. Be-
tween 1980 and 2006, car ownership grew from 238 to 466 cars per
1,000 inhabitants in the EU27 and in the recent decade from 1996
to 2006 the passenger transport2 (measured in billion passenger
kilometres) raised by 15.6 % [ERF, 2008]. The largest share of
intra-EU transport is carried by road, which accounts for 44 %
of freight and around 85 % of passenger transport. According to
the European Commission, the overall distance travelled by road
vehicles has tripled within the last 30 years [European Commis-
sion, 2008]. Forecasts suggest that, without any action, traffic
will continue to grow considerably over the next decade, adding
35 % more passenger vehicles and 50 % freight transport to the
European roads by 2020 [De Ceuster et al., 2005].
The growth in traffic implies a number of serious consequences
that impacts the society in different ways. The increasing traf-
fic causes congested roads in urban areas, which result in huge
economic losses for society, merely due to wasted time and lost
productivity. Furthermore, traffic consumes energy and generates
environmental impacts as air pollution, noise and severance effects.
These impacts threaten city environments across Europe and are
growing contributors to the world’s climate changes, but above
all these environmental impacts they also affect the health of the
urban population. Safety, stress and accidents are also related to
the increased congested traffic as it corresponds with the growing
2EU 27
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Figure 2.1: Total Number of Passenger Cars in EU-27.
number of accidents and fatalities, primarily due to the combina-
tion of high vehicle densities and the stress caused by congested
driving conditions. The question of how to enhance mobility while
at the same time reducing congestion and its consequences is a
common challenge to all major cities in Europe.
2.2.1 The Congestion Problem
Road congestion is the most common transport problem in urban
areas across Europe [European Commission, 2008]. As the traffic
levels climbed during the 1970s, 80s and 90s, the infrastructure
was not able to keep up with this growth resulting in today’s high
level of congestion which the Europeans must tolerate every day.
Road congestion is generally known as a condition where the traffic
demand exceeds the roadway capacity which is often characterized
by slower speeds, longer trip times, delays and increased queuing.
A more sophisticated definition was formulated in 2004 by Profes-
sor of Transport Policy, Philip Goodwin:
”Congestion is defined as the impedance vehicles impose on each
other, due to the speed-flow relationship, in conditions where the
use of a transport system approaches its capacity.” [Goodwin, 2004]
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Congestion can principally be categorized into two types: recur-
rent and non-recurrent congestion. Recurrent congestion is the
result of factors that cause regular demand in the transport net-
work such as mandatory home-work trips, shopping or weekend
travels and hereby reflects the morning and afternoon peak peri-
ods. Non-recurrent congestion is caused by random events such
as unexpected incidents and unusual weather conditions, such as
vehicles breakdowns, special events, accidents, road construction
work and bad weather conditions [European Conference of Minis-
ters of Transport, 2007].
2.2.2 Causes of Congestion
The increase in traffic congestion in European cities is the result of
both economic trends affecting demand for road usage, and policy
trends that have constrained the network supply.
Within the latest decades, several factors have influenced the growth
of the total vehicle fleet, particularly in the fast-growing countries
of central Europe. One key factor underlying this strong growth in
demand is the shifts in demographics toward urban areas resulting
in an increased urban population. In 2008, one half of the world’s
population are living in urban areas and the proportion is still
increasing. According to United Nations [UN, 2006] the world’s
urban population is projected to increase to 4.9 billion people by
2030, nearly 60 % of humankind. In comparison, the world’s ru-
ral population is expected to decrease by some 28 million between
2005 and 2030, indicating that at a global level, all future popu-
lation growth is expected to be in towns and cities. In Europe3,
the Commission of European Communities [European Commis-
sion, 2008] estimated that 80 % of the European population is
living in urban areas in 2007. The outcome of the urbanization
is a change in the socio-economic development as urbanization in-
volves new forms of employment, economic activity and lifestyle
which jointly increase the mobility in cities and promote the use of
private vehicles. Economic growth has also contributed with rising
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personal incomes, stimulating an increased car usage in central Eu-
rope and resulting in a higher level of car ownership. Furthermore,
the economic development has also increased the growth of goods
transport within the EU, at a rate of 2.8 % per year [European
Commission, 2008].
Inadequate supply of road infrastructure capacity for the grow-
ing level of demand is another key factor towards congestion. In
Europe, the road infrastructure and capacity has been extended
throughout the last decades to provide better accessibility between
cities, but the growth of urban transport demand occurred at a
higher rate than expected. In addition, the attempt to mitigate
congestion by providing new roadway capacity has in most cases
shown an opposite effect, where the supply of new infrastructure
capacity only provided a short-run congestion relief and instead
lead to changes in travel patterns resulting in additional travels
and a return to the original or even higher congestion level [Euro-
pean Conference of Ministers of Transport, 2007].
The combination of increasing road usage and limitations in the
road infrastructure has unavoidably led to increased traffic, result-
ing in the congestion level that most Europeans must bear today.
2.2.3 Congestion Impacts
The growth in traffic has other serious consequences causing wors-
ened environmental conditions at both local and global levels, and
increasing the strains on energy resources. Road transport is with-
out doubt a leading factor in economic development as economic
opportunities are likely to arise where transportation infrastruc-
tures are able to answer mobility needs and insure access to mar-
kets and resources. However, road vehicle usage imposes various
costs and consists of both internal costs borne by the road user
and external costs that the vehicle imposes on other road users
and the society as a whole. These costs can either be fixed (e.g.
vehicle ownership) or variable (e.g. fuel costs) in proportion to the
vehicle usage. An overview of the transport cost categories linked
to vehicle usage can be found in [Litman, 1999].
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Traffic congestion costs are those external impacts which an addi-
tional vehicle imposes on other road vehicle users in the form of
reduced speeds. Each vehicle on a congested road system both im-
poses and bears congestion costs, but the impacts are not evident
until the traffic volume exceeds a particular level [Kveiborg, 2001].
The congestion costs consist of increased delays, vehicle costs, ac-
cident risk and stress that are imposed on other road vehicle users,
but congestion also imposes external costs (e.g. delays) to other
transport modes such as cyclists and public transport. Inequitable,
these other transport modes must bear the same congestion delay
costs as the single occupant vehicle users [Victoria Transport Pol-
icy Institute, 2009]. In general, vehicle users are only concerned
with the internal cost they must bear themselves such as fuel costs,
repair and maintenance and their own travel time costs. As a re-
sult, they tend to underestimate the external (social) cost of their
trips as for instance air pollution, noise, health threats and con-
gestion affecting other travellers and the society.
Several cost estimations and analyses exist in the literature ([Jakob
et al., 2006], [Litman, 2009]) and especially the costs of transport
externalities have been brought into focus ([Maibach et al., 2008],
[Delucchi, 1997]) as the increasing number of vehicle users are not
accounted for their external costs. The unpaid social costs of the
increasing transport have resulted in a liability to society which
can be considered from economic, social and environmental di-
mensions.
2.2.3.1 Economic impacts
As traffic grows, congestion becomes more widespread and also
the occurrence increases from peak hour congestion to congestion
during most of the day. As a consequence, road traffic in the
European cities is moving more slowly than ever with an average
traffic speed of only 15km/h [European Commission, 2003]. In
2006, the European Commission estimated that 7,500 kilometres
of European roads on a daily basis are blocked by traffic jams, con-
tributing to a total cost of road congestion in EU of approximately
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125 billion Euros per year or 1 % of the EU’s GDP in terms of lost
productivity due to wasted time, while at the same time leading
to fuel wastage, increased air pollution and reduced public transit
efficiency [European Commission, 2006].
Furthermore, road traffic congestion impose significant operating
expenses to businesses in particular those associated with freight
and service deliveries. Delays in time-sensitive deliveries can im-
pose additional costs to businesses within their inventory, logistic,
reliability or just-in-time production, costing the businesses bil-
lions of dollars in lost productivity and exports.
2.2.3.2 Environmental impacts
The growing road usage in Europe is strongly linked to increasing
environmental problems at both a local and global level. The most
important environmental impacts are related to climate changes,
air quality and noise besides the high level of energy consumption.
Road transport is by far the biggest transport emission source
accountable for 93 % of total transport emissions [EEA, 2007].
Between 1990 and 2005, transport caused the largest increase in
greenhouse gas emissions with 26 % due to the high growth in
both passenger and freight transport. In 2005, greenhouse gas
emissions from transport accounted for 21 % of the total EU-15
emissions, mostly due to carbon dioxide (CO2) from fuel combus-
tion. According to the European Commission, urban transport is
responsible for around 40 % of total road transport carbon dioxide
emissions and nearly all of Europe’s urban inhabitants are exposed
to air pollution levels that exceed EU limits for particulate matter
(PM) [European Commission, 2007]. It has been estimated that
the transport environmental costs account for around 100 billion
Euros.
The emission of CO2 from vehicles is directly linked to the fuel con-
sumption and as travel time increases in congested conditions, the
fuel consumption and hence CO2 emission increases in addition.
It is generally admitted that pollutant emissions are dependent on
the speed levels, and measurements have shown that the highest
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rates of emission occur in congested, slow moving traffic [Andre´
and Hammarstro¨m, 2000]. Emission rates are much higher in con-
ditions with numerous re-accelerations (stop-and-go conditions),
than those when vehicles are driven more smoothly. Furthermore,
there is a tendency for emission rates to increase at high speeds,
especially NOx [DfT, 2006].
2.2.3.3 Social impacts
Noise emissions are a more obvious impact coming from the trans-
port sector. Road noise is generated by four main sources: vehicles,
friction between vehicles and the road surface, driver behaviour
plus construction and maintenance activity (see [Tsunokawa and
Hoban, 1997] for a review). The impacts of road noise are greatest
where busy roads pass through densely populated areas where the
sound level corresponds to a level of 65 to 90 dB.
According to the European Federation for Transport and Environ-
ment, around 50,000 people in the EU die prematurely each year
from heart attacks caused by traffic noise [European Commission,
1996]. According to the European Environment Agency [EEA,
2001], approximately 120 million people in the EU (more than 30
% of the total population) are exposed to road traffic noise levels
above 55 dB and more than 50 million people are exposed to noise
levels above 65 dB. The total costs to society of traffic noise emis-
sions in the EU including cost to health services, are estimated
to at least 40 billions per year (or 0.4 % of total GDP) of which
about 90 % are caused by passenger cars and goods vehicles [T&E,
2001].
In addition to the indirect health impact from noise and air pollu-
tion, transport activity is responsible for serious injuries and death
through traffic accidents. In urban areas, congestion impacts on
road safety and increases the risk of accidents due to high vehi-
cle densities combined with the stress caused by congested driving
conditions. The risk of traffic accidents depends on the traffic flow
and the degree of congestion, but also on the type of vehicle, road
conditions and driver behaviour. Furthermore, it has been argued
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that the number of accidents in urban areas rises more than pro-
portionally for high levels of traffic [European Commission, 1999].
According to the European Commission, about 42,000 people are
killed on European roads every year, an average of 115 people ev-
ery day. The direct costs of vehicle accidents are estimated to cost
45 billion Euros annually [European Commission, 2003].
The above-mentioned costs and impacts of congestion highlight
the continual challenges for the transport sector in Europe as well
as other industrialized parts of the world. With the increasing
awareness of a more environmentally sustainable development, the
transport sector has to face requirements of increasing the trans-
port system capacity and improving mobility while reducing the
unpaid external costs of transport affecting people throughout the
world.
2.3 Charging for Road Use
Road congestion in urban areas continues to increase as a con-
sequence of higher mobility demands. Due to the high costs of
land acquisition and construction of new roads, the supply side
of the transport infrastructure remains unchanged, which at the
end results in continuous congestion problems. Various solutions
to tackle road congestion have been proposed worldwide. With re-
spect to reducing congestion, these solutions can be classified into
two overall categories:
• increasing the supply of road space and capacity to meet the
mobility demand (supply-side strategies)
• managing down the demand to fit within the available road
infrastructure supply (demand-side strategies)
For a review of supply and demand-side strategies refer to [Faiz
et al., 1990], [Alvarado, 2008] and [Meyer et al., 1989].
Supply side strategies are used with the intent of meeting the cur-
rent demand immediately by increasing the supply of road ca-
pacity. However, it is generally argued that improvements in the
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supply side alone, will be unable to meet the demand for travel,
and that some means of controlling the demand are also needed
[May, 1992]. The expansion of roads is limited in older cities
and may even cause growth in traffic volumes, which eventually
leads to higher levels of congestion. Furthermore, it has been ar-
gued that supply side solutions like increasing road capacity only
provides short-run congestion relief before induced travel demand
causes traffic congestion to return to its original level again (refer
to [Noland and Lem, 2002] for a thorough review).
Demand-side strategies are designed to reduce the impact of traffic
by influencing peoples travel behavior and better balance peoples
need to travel a particular route at a particular time with the
capacity of available facilities. The focus of demand-side strate-
gies is to provide people with enhanced travel choices including
choices in travel mode, departure-time and route choices and to
provide incentives and information for people to make informed
travel choices. Demand-side strategies can focus on short-term
actions designed to mitigate existing congestion problems, or on
more strategic approaches to avoid future congestion [Meyer et al.,
1989]. There is a wide range of measures within travel demand
management (TDM), ranging from simple traffic control, provi-
sion of facilities and services to encourage alternative transport
modes, to incentives to discourage travel and reduce driving (see
[Loukopoulos, 2007] for an overview).
These TDM measures can be classified into four categories [Ga¨rling
and Schuitema, 2007]:
• Physical changes measures – which aim at making alternative
travel modes more attractive. It involves improving public
transport and infrastructure for walking and cycling to en-
courage alternative travel modes and land use planning to
encourage shorter travel times.
• Legal policies – implemented to enforce vehicle use. Exam-
ples include prohibiting vehicle traffic in city centers, de-
creasing speed limits, and introducing parking regulations.
• Economic policies – which aim at making vehicle use rela-
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tively more expensive to discourage driving. This included
road charging strategies, of fuels and cars, and reducing costs
for public transport.
• Information and education measures –which aim at changing
people’s perceptions and behavior concerning vehicle use. It
involves providing information about benefits and disbenefits
of vehicle use, the environmental consequences of congestion
and information about alternative travel modes.
Refer to [Victoria Transport Policy Institute, 2009] for a compre-
hensive review of transport demand management (TDM) strate-
gies.
Within recent years, governments and decision makers have be-
come aware of reducing the urban transport problems in Europe
by use of road charging strategies. Road charging has become ac-
cepted as an appropriate policy tool for reducing transport prob-
lems as it changes travel behaviour and discourages driving [Jaen-
sirisak, 2003]. By implementing road charging, vehicle owners are
encouraged to change their habits by travelling at different times or
by different routes, possibly to alternative destinations, or making
their journey by public transport and other alternative transport
modes. The great interest in road charging is due to its potential
to cope with the growth of travel demand and to generate revenue
for transport projects.
2.3.1 Charging Objectives
The underlying principle for road charging is that road users should
be directly charged for the additional costs which their use of road
space imposes on the rest of society. The main cost is that of
congestion (the delay the drivers cause to others), but in prin-
ciple the environmental costs of noise, risk and pollution, social
costs and the road costs of construction and maintenance could
be taken into account as well. The arguments for this principle
dates back to [Pigou, 1920], [Knight, 1924] and [Vickrey, 1963].
Their inspiration was to charge road users a fee equal to the total
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cost of their trip. They argued that by imposing a toll-tax on a
congested road, total travel time would be reduced and encour-
age the more efficient use of road space, so that society’s welfare
would be enhanced [Rouwendal and Verhoef, 2006]. According to
the economic theory, the objective of the road charging policy is
to make users more aware of the costs that they impose upon each
other when driving during the peak periods, and that they should
pay for the additional congestion they create by use of the price
mechanism. This encourages the redistribution of the transport
demand or shifts it to a substitute, for example public transport.
The economic theoretical foundations behind road charging are
described in detail in [Hau, 1992] and [Rouwendal and Verhoef,
2006].
The objectives and applications of road charging have evolved since
from a purely economic concept to an urban management policy
aiming principally to reduce congestion and mitigate the negative
environmental impacts, while generating revenue for other poli-
cies [Sumalee et al., 2009]. There are essentially two approaches,
which are not necessarily mutually exclusive for implementing road
charging for the use of roads [Eliasson and Lundberg, 2002]:
• Generate revenue for financing road investments
• Manage traffic congestion and internalising external costs
Tolling or toll collection are terms used, when applying road charg-
ing to finance infrastructure such as new roads, tunnels or bridges.
The objective of toll systems is to raise the necessary revenue to
meet the financial targets by setting a toll-level that will not en-
courage too many road users from selecting alternative routes. The
toll is typically levied to recover the investment, operations and
maintenance costs for that infrastructure. When implementing
road charging for transport management purposes, the objective
is to reduce congestion and mitigate the negative environmental
impacts, by setting a charge level that will encourage road users
not to travel by vehicle in the road network. This is known as road
use charging or congestion charging [Pickford and Blythe, 2006].
Furthermore, road charging systems can be designed combining
revenue generation with travel demand and congestion manage-
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ment in order to raise revenue that may be put back into improving
transport infrastructure, supporting public transport, and gener-
ally offering alternatives to travel by private vehicle [Tsekeris and
Voß, 2009].
Different cities will have differing objectives for the implementa-
tion of road charging. The EU-funded CURACAO project [CU-
RACAO, 2008] conducted a survey of a number of cities across
Europe, and found the fundamental objectives of road charging to
be as follows:
• Congestion relief
• Environmental protection
• Equity and social inclusion
• Generating revenues for transport investments
In addition, other objectives for road charging systems include the
following: protecting economic growth, health, liveability, safety,
and protecting the needs of future generations. The survey also
demonstrated that most cities pursue a combination of objectives.
While initiated road charging systems may have multiple goals, the
objective considered most important usually determines the type
of road charging scheme selected [Eliasson and Lundberg, 2002].
2.3.2 Types of Road Charging
These differences in charging objectives lead to differences in sys-
tem design and in performance. Depending on the desired ob-
jectives and the local policies, road charging schemes can take in
various forms. During the last decades, the development in road
charging schemes have gone from simple manual toll systems im-
plemented in local corridors, to complex nationwide systems based
on automated vehicle tracking technologies, where charges may be
varied according to time, distance and location, and furthermore
diverged after vehicle characteristics including weight, size and
emissions.
Due to the many variations in charging schemes and the ongo-
ing development in road charging technology, different classifica-
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tions of road charging schemes exist ([Gomez-Ibanez and Small,
1994], [Pickford and Blythe, 2006] , [Sorensen and Taylor, 2006]
and [Road User Charging Interest Group, 2007]). The classifica-
tion of road charging schemes used in this thesis is developed based
on the classification proposed by the GNSS Metering Association
for Road User Charging [GMAR, 2010]. It defines eight differ-
ent basic types of road charging schemes, grouped into two overall
classes: discrete and continuous charging schemes [Grush et al.,
2009]. The eight types of road charging schemes are given in the
following:
Discrete Road Charging Schemes
In discrete charging schemes, charges are based on the detection
of distinct events.
Single Event Charging involves charging of distinct single e-
vents such as passing a bridge, tunnel or mountain pass. In
single object charging schemes, vehicles are charged per pas-
sage at a specific point. The toll is levied on vehicles passing
through the toll plaza. The toll is generally a fixed charge
but may vary by time of day. Most tolled bridges, such as
the Øresund Bridge between Denmark and Sweden, belong
to this category and can include both manual and automated
toll facilities.
Closed Road Charging involves charging in closed road net-
works. In closed road charging schemes, all exit and entry
points are monitored and tolls are collected on exit, so that
the toll paid is in proportion to the length of the used section.
The charge depends on where the network was entered and
exited and a fixed charge is applied for the driven distance
between the entry and exit. With a closed road charging
system, the vehicles typically collect a ticket when entering
the motorway and pay the required toll on exit. This can
either be manually at toll plazas or electronically using vehi-
cle tracking technologies and wireless communication. The
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closed road charging scheme is the most common form for
motorway tolling in Europe4 as for instance in Croatia [Prib-
anic et al., 2006], where most of the highways use closed toll
collection systems.
Open Road Link Charging involves charging for driving on spe-
cific segments of roads, whether or not used in their entirety.
Open road link charging typically has no toll plazas on en-
try or exit ramps to the roads. The charges are collected at
points along the road by use of vehicle tracking systems and
wireless communications, which identifies the route travelled
on the specified toll road segments. The charges are deter-
mined based on the length of each road segment (distance-
related) rather than true distance measurements (distance-
based). The open road link charging schemes are for instance
implemented in the German HGV tolling system and in the
Austrian GO-Maut electronic tolling system for heavy goods
vehicles.
Cordon Cross Charging involves vehicles are being charged as
they cross a particular boundary line often, to a heavily
congested area such as a city core. The primary objective
of cordon cross charging schemes is to reduce the number
of vehicles entering. Every entry point is equipped with
means of identifying vehicles, which can either be manual
toll booths or automated vehicle tracking technologies as mi-
crowave DSRC technology or automatic number plate recog-
nition systems (ANPR). Cordon charging is distinct from
zone charging in that vehicles already within the cordon are
not charged, and that vehicles crossing the boundary more
than once are charged per crossing. The charge is typically
a fixed charge for crossing the cordon but may be varied by
time of day or have a maximum payment per day or month.
According to [Pickford and Blythe, 2006], cordon cross charg-
ing is the most common charging scheme for urban demand
management. The cordon cross charging schemes are for in-
4Belgium, France, Ireland, Italy, Norway, Portugal, Spain, Turkey and UK
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stance implemented in several cities in Norway and also for
the Stockholm congestion charging.
Zone Presence Charging involves charging triggered by using
a vehicle inside a zone regardless of whether its boundary
is crossed or not. The zone presence charging scheme is a
variant of the cordon cross charging in which the charge is
levied for using a vehicle within the defined area, rather than
just to enter it. The charges may be varied by time of day,
type of vehicle or level of congestion. The zone presence
charging scheme is for instance applied in Singapore and also
used for the London congestion charging system.
Continuous Road Charging Schemes
In continuous charging schemes, charges are determined using ac-
cumulated time, distance or other cumulated parameters.
Cumulative Distance Charging involves charging on the basis
of the distance travelled (as measure of usage). In cumula-
tive distance charging schemes also known as distance-based
charging, the charge is levied as an amount per distance
driven, i.e. per kilometre and therefore requires indepen-
dent distance readings. These distance readings are typi-
cally performed by sensor technologies such as odometers,
digital tachographs and GNSS or as a combination hereof.
In cumulative distance charging schemes, the charges may
furthermore be varied by vehicle characteristics or time of
day. The cumulative distance charging scheme is applied for
the Swiss HGVs charging system.
Spatial Cumulative Distance Charging involves charging on
the basis of the distance travelled with different tariffs ap-
plied according to spatial characteristics such as specified
zone(s) or road type(s). The spatial cumulative distance
charging schemes are also known as time-distance-place (TDP)
charging and is under consideration by many European coun-
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tries. Time-distance-place charging schemes require indepen-
dent distance readings for determination of the driven dis-
tance throughout the specified zones in order to accommo-
date a variable charge dependent upon time-distance-place.
The charge may also vary according to the driving direction.
Today, no spatial cumulative distance charging schemes exit.
Time-in-use Charging involves charging according to the accu-
mulated time a vehicle has been in operation, alternatively
by the time the vehicle has been present inside a specified
zone. Time-based charging requires independent time read-
ings for determination of the time the vehicle has been in use.
These time readings are typically performed by a combina-
tion of clock and sensor technologies measurering the igni-
tion and movement of the vehicle. The time-in-use charging
scheme is applied for the Eurovignette system in the follow-
ing countries: Belgium, Denmark, Luxembourg, the Nether-
lands and Sweden.
Each of these eight types of charging schemes can, in addition, be
varied by modifying the charges based on vehicle characteristics
such as trailer presence, and by day of week, such that charges are
higher in rush hours and lower on the weekends. Variable charges
can be applied based on a pre-set schedule which is update period-
ically or dynamically in response to real-time changes in demand.
According to economists, variable or dynamic road charging is the
best way of overcoming congestion problems.
2.3.3 Existing Road Charging Schemes
There have been many implementations and trials of road charging
across the world. In this section, selected road charging schemes
are explained as examples according to the definitions given above.
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2.3.3.1 Single Event Charging
Single event charging schemes are implemented many places in the
world, as most tolled bridges and toll roads belong to this category.
Although most of them operate with manual fee collection, many
also offer automated electronic toll facilities. Single event charging
schemes have become increasingly common for this type of tolling,
as it can help in reducing local traffic congestion (directional), and
raise revenue for operations and maintenance costs.
In Norway, several toll bridges and tunnels exits, which use single
event charging to finance the operations and maintenance costs. In
most cases, payment can be made at manual toll stations by tradi-
tional means (cash, credit cards, etc) or by the electronic fee collec-
tion system AutoPASS . The AutoPASS system (www.autopass.no),
requires an OBU which works as an electronic tag, to be fixed on
the windscreen of the vehicle. The tag’s ID is connected to the
vehicle’s registration number, and can be read at the toll stations
either at the entrance or exit of a tunnel, road or bridge. There
are three types of toll plazas with the AutoPASS system:
• Manned toll service stations with coin machines and manned
booths
• Unmanned toll stations with card and coin machine
• Automatic AutoPASS stations, where stop-and-pay it is not
possible
Vehicles passing without the AutoPASS tag, will have a picture
taken of the car’s registration number and an invoice is sent to
the owner of the car free of charge. Toll roads without AutoPASS
have coin machines, or manual booths for payment.
In UK, the M6 Toll Motorway (www.m6toll.co.uk) uses a single
event charging scheme to reduce congestion. All vehicles using the
M6, must pass through one toll plaza, either at one of two main
toll stations at the M6 motorway, or at one of the eight exit junc-
tions along the road. The M6 toll system automatically classifies
vehicles by use of sensors that measures the number of axles and
the vehicle hight. The charges depend on the classification of the
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vehicle and alter according to time of day and day of week. Pay-
ments can be made at either a manned lane booth (cash, coins and
cards), or at an automatic booth, using cards or coins only.
Similarly, single point charging schemes exit in many other Euro-
pean countries, such as France (Frejus and Mont Blanc Tunnel),
Ireland (M1, M4 and East-Link Toll Bridge), Belgium (Liefken-
shoek Tunnel), Netherlands (Kiltunnel) and UK (M48 Severn Brid-
ge). The Golden Gate Bridge in San Francisco, US, is a well-known
example of a toll bridge.
The 23 km stretch of the A14 motorway between the German bor-
der and Hohenems in Austria and further into Switzerland, also
uses a new type of single event road charging scheme called a
Korridor-Vignette. All vehicles up to 3.5 tonnes using the motor-
way stretch, must buy a vignette (valid for 24 hours) to use this
route without having to purchase a full toll sticker. The Korridor-
Vignette is valid for a one-way trip.
2.3.3.2 Closed Road Charging
Closed road charging schemes are the most common form for mo-
torway tolling in Europe, often used as an instrument of the financ-
ing and management of roads. The closed road charging schemes
are typically implemented for motorway tolling with monitored
entry and exit points along the road.
In Italy, a closed road charging scheme is used for the motor-
way network Autostrade per l’Italia (www.autostrade.it). The toll
charge is measured by registering when and where the vehicles en-
ters and exits the toll road network. The charge amount depends
on the route length and is usually determined by means of a ticket
issued at the motorway access. Payment can be in cash, credit
card or with the electronic Telepass systems. Telepass can be used
for all types of vehicles which can travel on Italian motorways.
Telepass consists of an On-Board Unit (OBU) mounted at the top
of the vehicle’s windscreen, which works as an electronic tag. The
tag’s ID is connected to the vehicle’s registration number, and
can be read at the toll stations at the entrances and exits of the
2.3 Charging for Road Use 29
Autostrade motorway network.
In Croatia, most of the highways use a closed toll collection systems
[Pribanic et al., 2006]. At entry stations, two-module self-service
ticket issuers are installed. The lower level for personal vehicles
and the upper level for heavy goods vehicles. In the Croatian
closed toll collection system (www.hac.hr), two modes of operation
exist:
• A manual mode, where the driver presses a button that issues
a ticket followed by an automatic opening of the barrier
• An automatic mode, where tickets are issued automatically
at either the upper or lower level, detected by optical height
sensors followed by a automatic opening of the barrier
If the system detects and OBU or a SMARTcard in the vehicle,
the data which would be recorded onto the ticket (magnetic stripe
card) are instead recorded on the OBU or SMARTcard. At each
entry station, video cameras furthermore records licence plates of
vehicles. At exit stations, a cashier takes the tickets obtained at
entrance and the toll charge is calculated according to the point of
entrance and the vehicle class. For vehicles with OBU or SMART-
card, the transaction is performed automatically.
Other similar closed road charging schemes are found in France,
Serbia, Spain, and Ohio and Florida in the US.
2.3.3.3 Open Road Link Charging
Open road link charging involves charging for driving on specific
segments of roads. Open road link charging schemes are typically
implemented with no toll plazas on entry or exit ramps to the road
and the toll charges are instead collected at points along the road.
The Austrian GO-Maut electronic tolling system for heavy goods
vehicles is an open road charging scheme designed to finance opera-
tions and maintenance of motorways in Austria (www.go-maut.at).
The system includes six Austrian special toll sections, which are
subject to separate tariffs. All vehicles with a maximum admissible
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weight of more than 3.5t are subject to pay toll. The GO-maut sys-
tem is a multi lane free flow system, which allows vehicles to travel
without stops at the toll segments. It is characterized by gantries
placed above the motorway lanes, using microwave transceivers
mounted on the gantries to communicate with OBUs installed on
the windscreen of passing vehicles. Each section and direction
needs one portal with one gantry for toll communication in each
sector between the exit/entry-points on the motorways (refer to
Figure 2.2 [Kapsch Trafficcom]). The charge is determined based
on the length of the road segments and is thereby in proportion to
the distance driven [Schwarz-Herda, 2005]. For the A13 Brenner
motorway section, the toll charges are furthermore varied accord-
ing to time of day. In the GO-maut system, payment can be ef-
fected in advance with toll credits that can be purchased in cash,
with credit or petrol card (pre-pay) or by a centrally registered
account (post-pay).
Figure 2.2: Open Toll System.
The German HGV tolling system (www.toll-collect.de) is a more
complex open road link charging scheme designed to implement
direct user fees, raise revenues and institute an emission-based toll
[Toll Collect, 2007]. The German HGV system is an automatic
toll collection system for heavy goods vehicles (more than 12t)
based on GPS, a microwave transmitter and virtual toll plazas.
The vehicles are equipped with an OBU which through the use
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of GPS, internal sensors and on board cartographic data, iden-
tifies the route travelled on the toll motorways [Wieland, 2005].
All motorways are divided into road segments, whose geographi-
cal co-ordinates are stored in the OBUs. The system uses GPS to
ascertain what segments the vehicle has travelled on, with a digi-
tal tachograph for secondary back-up measurements. The charge
is determined based on the length of each road segment (to give a
consistent result) rather than true distance measurements Mathe-
son [2005]. The OBU calculates the corresponding amount of toll
charge and sends these data via the microwave transmitter to the
system’s central data processing unit, which manages the billing.
The German system is considered the technologically most ambi-
tious system in Europe [Wieland, 2005].
Other similar open road link charging schemes are found in the
French TIS-PL (partly), the Italian Telepass (partly), the Czech
Nationwide Truck e-Toll System (MYTO CZ) and in the Slovakian
SkyToll system.
2.3.3.4 Cordon Cross Charging
Cordon cross charging involves charging vehicles when they cross a
particular boundary line of a specified area with the primary objec-
tive of reducing the number of vehicles entering the area. Cordon
cross charging schemes are the most common charging scheme for
urban demand management [Pickford and Blythe, 2006].
In Norway, seven cordon cross charging schemes (toll rings) exist
which reduce congestion and help to finance the operations and
maintenance costs of the roads and support the public transport
infrastructure investments in Norway [Ieromonachoua et al., 2006].
The first Norwegian toll ring was implemented in Bergen in 1986,
and since then other Norwegian cities have adopted the cordon
cross charging scheme including: Olso, Trondheim, Stavanger and
Kristiansand (see [AECOM Consult, 2006] for a detailed review).
Oslo uses an automatic toll collection system called AutoPASS
(www.autopass.no). The electronic fee collection is carried out
by using an OBU which identifies every vehicle during movement
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into the charging area at a defined boundary point. There are 19
operating toll stations located in a ring around the city of Oslo. At
every entry point a signal, sent by radar equipment placed in these
gates, detects the AutoPass electronic tag (OBU) mounted on the
windshield of passing vehicles and deducts the appropriate charge
from a pre-paid account. Non-users of the electronic system can
pass without AutoPass as the vehicle’s numberplate is registered
by ANPR and an invoice is send to the vehicle owner subsequently.
In the Norwegian cordon cross charging schemes, the toll charges
are fixed charges varied by vehicle classes.
In Stockholm, a cordon cross charging scheme (www.vv.se) cov-
ers a 30 km2 area of central Stockholm with the main objective
to reduce congestion during morning and afternoon peak periods
[Alvarado, 2008]. The charging scheme in Stockholm is similar to
the toll rings in Norway. At each entry station, vehicles are iden-
tified by video cameras with automatic number plate recognition
(ANPR) software, which sends a decoded numberplate string and
photos in real-time to a central server. There are no payment op-
tions at the toll ring entry, all payments in the Stockholm charging
system are pre- or post-pay. Unlike the Norwegian toll rings, the
toll charges are varied according to time of day and have a max-
imum daily charge. Refer to [Kalauskas et al., 2009] for a more
detailed review of the Stockholm charging system.
Other similar cordon cross charging schemes are found in Warsaw
in Poland, Bologna in Italy, and Riga in Latvia.
2.3.3.5 Zone Presence Charging
The zone presence charging scheme is a variant of the cordon cross
charging in which the charge is levied for using a vehicle within
the defined area, rather than just to enter it. The charges may be
varied by time of day, type of vehicle or level of congestion.
Singapore was a pioneer in zone presence charging [Cottingham
et al., 2007]. The first zone presence road charging scheme, known
as the Area Licensing Scheme (ALS), was introduced in the Re-
stricted Zone (RZ) of Singapore in 1975 in an attempt to control
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the traffic levels within the city (www.lta.gov.sg). Vehicles were
required to display a paper-based license to drive within the re-
stricted zone. Since then, the system has developed and today,
Singapore uses an electronic cordon cross charging scheme called
the Electronic Road Pricing (ERP) system. The current ERP sys-
tem is designed to control congestion based on a desired travel
speed on the designated roads and expressways. The ERP sys-
tem uses dedicated short-range radio communication (DSRC) to
deduct toll charges from OBUs with pre-paid CashCards mounted
on the windshield of vehicles driving in the zone. The charges are
levied on a per-pass basis and are varied according to type of vehi-
cle, day of the week, time of day and the traffic conditions at the
charging points. Every three months the fees are revised based on
whether the travel speeds are above or below the desired speed.
The changes in fees are advertised through electronic signs at each
collection point.
London implemented a zone presence charging scheme known as
the London Congestion Charging (CC London) in 2003 to reduce
congestion and the environmental impacts. In the London charg-
ing scheme (www.cclondon.com), vehicles are charged a fixed daily
rate (£8) to travel into or within Central London on weekdays from
7am - 6pm. Charges can either be pre-paid or paid the day of travel
in the cordon area either by telephone, in shops or online. The ve-
hicles do not have on board electronic tags. Instead, the system is
entirely reliant on a network of roadside automatic number plate
recognition cameras (ANPR), which photograph vehicle number
plates and check them against a database to work out whether the
vehicle has paid. The roadside cameras are located at entry points
and are also present within the zone to record vehicles that remain
within it. In the London zone presence charging scheme, residents
of the charging area receive a 90 % discount.
2.3.3.6 Cumulative Distance Charging
Cumulative distance charging schemes also known as distance-
based charging, involves charging on the basis of the distance trav-
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elled (as measure of usage) which therefore requires independent
distance readings.
In 2001, Switzerland implemented an electronic cumulative dis-
tance charging scheme for heavy goods vehicles (www.ezv.admin.ch).
All vehicles exceeding 3.5 tons are levied a charge (LSVA) that is
proportional to the distance driven on all public roads and varied
according to vehicle characteristics (weight and emissions). The
vehicles use complex OBUs consisting of GPS, DSRC, a movement
sensor and a digital tachograph [Balmer, 2003]. The tachograph
measures the distance (kilometres) travelled as the primary mea-
surement device. A GPS sensor and a movement sensor provide a
second, redundant measurement in order to verify the tachograph
measurements. The DSRC is used for automatic detection of bor-
der crossings. [Rapp and Balmer, 2004] provide a comprehensive
review of the Swiss charging scheme.
In cumulative distance charging schemes, the charges may further-
more be varied by time of day.
2.3.3.7 Spatial Cumulative Distance Charging
Spatial cumulative distance charging schemes involve charging on
the basis of the distance travelled with different tariffs applied
according to spatial characteristics such as specified zone(s) or
road type(s). The spatial cumulative distance charging schemes
are also known as time-distance-place (TDP) charging and is under
consideration by many European countries.
The Netherlands, was the first country to initiate national time-
distance-place charging to all vehicle classes on all public roads.
The objective was to reduce congestion, introduce fair charges and
raise revenue earmarked for transport investments [International
Transport Forum, 2006]. The Dutch Government initiated a spa-
tial cumulative distance charging scheme known as Kilometer Pric-
ing (KMP) which later was cancelled. The KMP system was to in-
clude the full road network of approximate 130,000 km and involve
8 millions Dutch registered vehicles (www.verkeerenwaterstaat.nl).
The system was planed as a GNSS-based system and was to be
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introduced for heavy goods vehicles by 2011 and for all vehicles
by 2018. No design details were decided, but an automatic charg-
ing system, which calculates the charge for each individual vehicle
based on the distance driven, the time of the trip and the vehicles
geographic position (zone, road type or direction) was planned [T-
Systems Satellic, 2006]. The charges were furthermore planned to
be varied according to vehicle characteristics such as vehicle class
and emissions.
To the author’s knowledge no other spatial cumulative distance
charging schemes exist at the time of writing.
2.3.3.8 Time-in-use Charging
Time-in-use charging involves charging according to the accumu-
lated time a vehicle has been in operation, alternatively by the
time the vehicle has been present inside a specified area.
The Eurovignette is a time-in-use charging scheme for heavy goods
vehicles which currently exists in Belgium, the Netherlands, Lux-
embourg, Denmark and Sweden (www.eurovignette.eu). All heavy
goods vehicle over 12 tonnes must buy a Eurovignette paper li-
cence to use motorways in any of these five countries. The licence,
which give access to use the motorways for a specified amount of
time (day, week, month or year), can be purchased at petrol sta-
tions, service areas near motorway access roads and online. The
Eurovignette charge is varied according to vehicle characteristics
(emissions and number of axles). The Eurovignette is enforced via
spot checks and penalties are linked to the time spent travelling
on the motorways without the licence [HM Treasury, 2002].
All the explained examples from this section are summarized in
Table 2.1.
2.3.4 Enabling Technologies
The first official acknowledgement of the technical possibilities of
the direct charging at the point of use was the Smeed Report
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from 1964 [Smeed, 1964]. The report was written by a body of 11
economists and engineers commissioned by UK Ministry of Trans-
port [Pickford and Blythe, 2006]. The study was initiated after
William Vickrey5, in 1959, presented a proposal to control Wash-
ington, D.C.s traffic congestion with electronically assessed user
fees. Vickrey suggested that each car would be equipped with a
transponder whose personalized signal would be picked up when
the car passed through an intersection. The signal would then be
relayed to a computer which would calculate the charge according
to the intersection and time of day, and add it to the car’s bill
[Arnott, 1998]. Vickrey’s principles of efficient congestion pricing
(summarized in [Vickrey, 1992]) was specific about charging for
the marginal social cost of each trip, that charges vary smoothly
over time, and that they be determined by the congestion condi-
tions at the time of each trip. Vickrey is, with his principles of
efficient congestion pricing, considered the father of electronic road
use charging [Columbia University Record, 1997].
Since the development of the underlying economic principles of
road charging, there has been an ongoing development in the de-
sign and complexity of charging schemes due to the rise of new
technologies which enable more efficient ways of charging vehicles
for their road usage. This development has gone from traditional
manual toll booths, to electronic tolling schemes in the 1970-1980s
allowing vehicles to pass through toll plazas without stopping and
further on to today’s fully automated systems based on satellite
positioning technology. [Worrall, 2003] argues that while new tech-
nologies enable new policies, specific road charging policy objec-
tives equally determine the development of new technologies and
system designs.
[Demisch et al., 2009] have conducted a study on the linkages be-
tween technologies and road charging policy objectives and found
that the two main policy decisions that most often determine the
selection of road charging technologies are:
• The geographical scale of the road network considered
5Nobel Prize winning economist (1914-1996)
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• The complexity of calculating the fee to be charged
The existing road charging schemes (in section 2.3.3) confirm how
the geographical scale of the road charging policy implemented,
can range from charging specific road segments to nationwide charg-
ing schemes including whole road networks. Furthermore, the ex-
amples show how the variety of charges range from simple fixed
fees to dynamic charges that may vary according to several differ-
ent parameters as for instance time of day or level of congestion.
These many different road charging systems can, from a technical
point of view, be classified into two overall categories [Walker and
Naberezhnykh, 2009]:
• Road-side based systems, where equipment is located on the
street that detects the vehicle and communicates to a central
processing facility.
• Vehicle based systems, where journeys and positions are logged
within the vehicle and are communicated directly to a pro-
cessing facility.
Despite the wide variety of charging objectives and scheme de-
signs, all road charging schemes are in this thesis defined as a
combination of three required technical tasks:
• Collecting data
• Transmitting data
• Processing data
A number of different technologies can be used for these three tech-
nical tasks, and thereby enable the road charging of vehicles. In
this section, the thesis provides an overview of the most important
enabling technologies for road charging schemes and presents how
these technologies work. Table 2.2 shows the enabling technologies
for each of three technical tasks (developed from [Demisch et al.,
2009]).
The enabling technologies er described in the following.
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Table 2.2: Enabling Technologies for Collecting, Transmitting and Pro-
cessing Data in Road Charging Schemes
2.3.4.1 Global Navigation Satellite Systems
Global Navigation Satellite Systems is the standard generic term
for all satellite navigation systems that provide a three-dimensional
positioning solution with global coverage. GNSS is a network of or-
biting satellites that transmit high frequency radio signals contain-
ing time and ranging data. The transmitted data can be received
by a GNSS receiver enabling users to identify antenna location
anywhere around the world [Samama, 2008].
The most well known is the NAVSTAR Global Positioning Sys-
tem (GPS), owned and operated by the U.S. Government, which
is the only fully operational GNSS system in 2010. The Russian
GLONASS is also an operational GNSS but in the process of being
restored to full operation [Hofmann-wellenhof et al., 2008]. These
two operational systems are both military networks under national
control, but are extensively used by civilians for air, land and sea
navigation. At the time of writing, another two global navigation
satellite systems are under development. The European Galileo
is a GNSS in the initial deployment phase, scheduled to be oper-
ational in 2013 [European Space Agency, 2011] and the Chinese
regional Beidou navigation system is planned to expand into the
global Compass navigation system by 2015. The NAVSTAR GPS
is of primary interest to the research presented in this thesis.
GNSS provides autonomous positioning by transmitting time sig-
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nals along a line-of-sight from the GNSS satellites. Each satellite
is a reference site which transmits radio waves picked up by the
GNSS receivers in vehicles. The GNSS receivers use the radio
signals from the satellites and uses time-of-arrival information to
determine their location relative to the satellite reference sites.
The GNSS receivers calculate the precise time as well as position
(longitude, latitude, and altitude) to within a few meters. The
basic operational principles are further described in Chapter 4.
2.3.4.2 Dead Reckoning
Dead reckoning (DR) positioning systems rely on sensing the com-
ponents of the vehicle’s course and acceleration or velocity. The
dead reckoning positioning method estimates the vehicle’s current
position based upon a previously determined position, and ad-
vances that position based upon known or estimated speeds over
elapsed time, and course. DR systems therefore consist of external
distance and positioning sensors, which information from can be
read. Modern vehicles are often equipped with sensors that record
the wheel rotation and steering direction for safety purposes such
as anti-lock braking system (ABS) and electronic stability control.
In high-end automotive navigation systems, dead reckoning is of-
ten implemented in order to overcome the limitations of GNSS
technology alone.
There are many possible sensors that can be considered for a
DR system [Samama, 2008]. For example, vehicle speed and dis-
tance travelled can be determined using accelerometers and wheel
odometers and the vehicle’s course can be determined using mag-
netic or gyroscopic compasses. Often, a combination of sensors
is used for dead reckoning estimations. For example, an Inertial
Navigation System (INS) is a dead reckoning system that uses a
computer, motion sensors (accelerometers) and rotation sensors
(gyroscopes) to continuously calculate the position, orientation,
and velocity of a moving object without the need for external ref-
erences [Groves, 2008]. When using several sensors in combination,
a Kalman filter is used as a sensor fusion algorithm. Sensor fusion
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is a method for conveniently integrating data provided by vari-
ous sensors, in order to obtain the best estimate for a dynamic
system’s states. In navigation systems, the Kalman filtering tech-
nique is used in order to obtain an optimal navigation solution
from the various measurements available.
2.3.4.3 Wireless Communication
Communication between components takes place via transmission
of electrical signals from a transmitter to a receiver. The transmit-
ter converts the original message (e.g. voice, text) into electrical
signals (modulation) that are transmitted along a selected com-
munication channel (transmission) to the receiver. The commu-
nication channel is the medium that connects the transmitter to
the receiver, which can be wires, coaxial cables, fiber-optic cables,
or space that carries electromagnetic waves or light waves [Sub-
ramanya and Yi, 2005]. When the transmitted electrical signal is
received, the receiver extracts and converts the signal back into
the form of the original information (demodulation).
Wireless telecommunication techniques are a prerequisite for infor-
mation exchange between moving objects and stationary systems.
Like many other intelligent transport systems, road charging sys-
tems need to be linked with wireless communication systems to
ensure mobility. Wireless communication is used as a term for
transmission of information from one place to another without us-
ing cables. It is used to describe telecommunications in which elec-
tromagnetic waves carry the signal (rather than wire) over part or
all of the communication path. This can be using radio-frequency,
infrared, microwave, or other types of electromagnetic or acoustic
waves in place of wires, cables, or fibre optics to transmit signals or
data. The communication may be one-way communication as in
broadcasting systems (such as radio and TV), or two-way commu-
nication (e.g. mobile phones). In general, wireless communication
includes four types of communication:
• Cellular Mobile Communication (3G, GSM, GPRS)
• Short Range Communication (DSRC, Bluetooth)
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• Wireless Local Area Networks (LANs)
• Mobile Ad Hoc Networks (MANET, VANET)
As it is beyond the scope of this thesis to consider in detail the na-
ture of communication systems, refer to [Goldsmith, 2005],[Stallings,
2002] and [Bensky, 2008] for a comprehensive review of these wire-
less communication systems.
2.3.4.4 Cellular Positioning
Cellular communication-based positioning systems use the base
stations of cellular communication networks, distributed through-
out the covered area for localisation and cell tracking of mobile
objects. There is a number of ways in which a position can be
determined in cellular communication networks. The most impor-
tant techniques for cellular positioning are:
• Cell of origin (COO)
• Time difference of arrival (TDOA)
• Angle of arrival (AOA)
• Triangulation
Refer to [Ranchordas and Lenaghan, 2003], [Kos et al., 2006] and
[Sage, 2001] for a complete review of the four techniques. The
simplest but also the most inaccurate way is to approximate the
vehicle’s position by cells coordinates locating the mobile object
[Stopka, 2008]. The COO method only gives an approximation of
the vehicle’s position. In rural areas a single cell can cover many
square kilometres, while urban cells may cover a much smaller
area. In the GSM network the COO positioning method can give
an accuracy of less than 100 metres in urban areas and up to 30–
40 kilometres in rural areas. Cellular triangulation is a technique
designed to pinpoint the geographic location of a mobile phone
user. Triangulation is a process by which the location of a mobile
object can be determined by measuring either the radial distance
or the direction of the received signal from two or three different
base stations. Using algorithms, the triangulation method deter-
mines the intersection point of the mobile phone’s signal from each
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base station to identify its location. Using triangulation in urban
areas, where there is a wide range of base stations, the user’s lo-
cation can be determined within about 100 meters. In rural areas,
the location of the user can be determined within about 1.5 km.
The accuracy is however reduced if the signals are reflected off
buildings or have taken multiple paths before reaching the device.
2.3.4.5 Automatic Number Plate Recognition
Automatic number plate recognition (ANPR) which is an effec-
tive means of capturing evidence which can be implemented as a
parallel vehicle identification method for a road charging system.
ANPR is a system designed to automatically recognize and store
license plate number data on vehicles passing through a certain
point. By use of optical character recognition software, the sys-
tem converts video images of vehicle registration numbers taken by
cameras into information for real time or retrospective matching
with law enforcement and databases featuring information about
ownership of the vehicle [National Policing Improvement Agency,
2009]. The ANPR system functions are deployed using two basic
methods. One involves local data processing near the camera lo-
cation where data are sent to a central station at a later time. The
other method involves transferring the images to a central process-
ing station where they are queued for processing and analyzed at
a later time. Many ANPR systems are based on dual cameras:
an infra-red camera that captures multiple images of the specific
number plate and a conventional colour camera that records an
image of the plate in context.
2.3.4.6 Dedicated Short Range Communication & RFID
A cheaper alternative to ANPR is the dedicated short range com-
munication (DSRC) technology also known as tag and beacon tech-
nology. Tag and beacon is conceptually the simplest form of ve-
hicle positioning and involves vehicles having an electronic tag on
the windscreen, which communicates with a roadside beacon (tag
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reader), that automatically registers when a vehicle passes [Evans
and Williams, 2009]. With several widely dispersed road side bea-
con units, the tag and beacon system allows the monitoring of the
vehicle’s trajectory in relation to the roadside beacon posts. The
tag and beacon technology, enables the passage of vehicles without
stops at toll plazas. They are based on either microwave, infra-red
or radio frequencies, and can capture evidence of vehicles passing
specific roads or into specified areas.
An enhanced version of the traditional tag and beacon is the
DSRC technology combined with a smart card. Smart cards are
devices (in credit-card size) embedded with a computer chip prov-
ing data storage and transmission capability. In road charging
systems, smart cards are primarily used to store billing informa-
tion [Sorensen and Taylor, 2006]. The smart card is inserted into
the vehicle’s windscreen-mounted DSRC tag unit from where the
charges are deducted when the vehicle passes a roadside beacon.
The smart cards can be multiple purpose cards, for instance com-
bined with use for public transport.
Radio Frequency Identification (RFID) is the term used to de-
scribe the various technologies that use radio waves to automati-
cally identify objects. A RFID system transmits the identity (in
the form of a unique serial number) of an object wirelessly using
radio waves. It consists of three components: tags, readers and a
host computer system. The RFID system reads tags without vi-
sual contact within the readable range of up to 100 meters. A tag
can include additional information in many different formats such
as text, sound or video depending on the size of the tag’s built-in
memory [Chon et al., 2004].
Radio Frequency Identification (RFID) tags have within recent
decades been used in vehicles to automate toll process for Elec-
tronic Toll Collection (ETC).
2.3.4.7 Geographic Information Systems
Geographical information systems (GIS) are software systems used
for collection, storage, analysis, manipulation and presentation of
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geographical information. GIS are tools used for analyzing, edit-
ing and presenting spatial data onto digital maps. GIS systems
are similar to traditional database management systems (DBMS)
except from the fact that the records are georeferenced, meaning
associated with a particular geographic location. [Reibel, 2007]
highlights that the two major advantages of GIS over other DBMS
are the possibility of using multiple sets of georeferenced records,
called layers, in combination for joint geoprocessing and spatial
analyses, and that georeferenced objects can be subjected to spa-
tial queries, algorithms and geoprocessing across these layers.
2.3.4.8 Supporting Information Technology
Supporting information technology involves a wide variety of infor-
mation technologies supporting the primary technologies in road
charging systems. It includes database management systems, ser-
vers, Internet applications and on-line banking protocols. The
supporting technologies monitor, maintain and assist the underly-
ing computer and network systems of a road charging system to
store, process, and receive data.
2.4 Summary
The aim of this chapter is to create a basic for the research on
GNSS-based road charging systems presented in this thesis. The
chapter has provided a overview of the congestion problems is Eu-
rope and the means by which GNSS-based road charging can help
to reduce congestion and its environmental impacts. The chapter
also provides a classification of the many different road charging
schemes, followed by an overview of existing schemes and the dif-
ferent technologies enabling these schemes.
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Chapter 3
System Fundamentals
The preceding chapter has highlighted the concepts of road charg-
ing and the complexity of both road charging schemes and the
enabling technologies. Depending on the charging objective, road
charging systems can be designed in various forms and varied by
both policy and technology. Within recent years, GNSS-based
road charging systems have been highly profiled on the policy mak-
ers’ agenda. These types of systems are technically challenging and
are considered one of the most complex types of charging systems.
To understand the structure and behaviour of such road charging
systems, it is important to highlight the overall system architec-
ture which is the framework that defines the basic functions and
important concepts of the system.
This chapter provides a functional architecture for GNSS-based
road charging systems, derived based on the concepts of system
engineering, which forms a basis for the research on GNSS-based
road charging systems presented in this thesis. First, a short in-
troduction is provided followed by a presentation of the system
engineering methodologies to illustrate how and why system en-
gineering methodologies can be beneficial for GNSS-based road
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charging systems. Hereafter, the system engineering concept is
used as a means to determine and classify the essential functional
requirements for GNSS-based road charging systems, which defines
the necessary tasks that these systems must accomplish. Finally,
this chapter defines the conceptual design for GNSS-based road
charging systems and derives a high-level functional architecture
including the main system functions and sub-functionalities.
3.1 Introduction
GNSS-based road charging involves charging road users for their
road usage by using Global Navigation Satellite Systems to deter-
mine the vehicle’s position and to detect location and road usage.
As no official definition exist, a GNSS-based Road Charging Sys-
tem is in this thesis defined as:
A system comprised of people, procedures and inter-
acting telematics elements forming a coherent unit that
aims at charging vehicle users for their road usage by
use of Global Navigation Satellite Systems.
GNSS-based road charging systems allow for cumulative distance
charging (refer to section 2.3.2), where charges are calculated for
each individual vehicle based on the distance driven, the time of
the trip and the vehicles geographic position. Cumulative distance
charging is considered a more fair and efficient way of charging as
these schemes levy charge proportional to the distance travelled,
and thereby reflect a usage-based approach more accurately than
other charging policies. In light of these benefits, policy makers are
looking at initiating nationwide GNSS-based congestion charging
schemes. However, nationwide road charging on the basis of the
distance travelled is technically challenging and is seen as one of
the most complex schemes [Rajnoch, 2008].
Both in the Netherlands and in Denmark, nationwide GNSS-based
road charging systems have been highly profiled on the policy mak-
ers’ agenda but afterwards put off or cancelled. The Netherlands
had, as the first country, initiated a nationwide GNSS-based road
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charging scheme on the basis of the distance travelled to be in-
troduced for the freight sector in 2012 and gradually extended to
passenger cars by 2017. Due to mounting public anger with the
plans for a per-kilometer based charging scheme, the Government
dropped the scheduled plans. According to a survey performed by
ANWB (the Dutch automobile association) [New Civil Engineer,
2010], the Dutch public thought that GNSS-based road charging
was too complicated and costly to be implemented. The complex-
ity of GNSS-based road charging systems furthermore becomes
evident due to the German HGV road charging system for motor-
ways (www.maut.de), where the first phase resulted in a technical
breakdown, followed by a costly reconstruction and improvement
of the system.
As many other ITS applications, GNSS-based road charging sys-
tems use various technologies (computers, communications, sen-
sors etc.) and include a continuous exchange of information within
the system. The systems may be designed in various ways, depend-
ing on the charging objective. It is therefore essential to define and
specify the system concepts in an overall system architecture which
is the conceptual framework that defines the important concepts
and the basic functions of a system and describes the relation-
ship among them (refer to the system engineering methodology
described in the following Section 3.2). In these complex sys-
tems, the system architecture becomes a central part in helping
stakeholders to understand the structure and behaviour of GNSS-
based road charging systems. However, little research has been
done on defining a conceptual framework for GNSS-road charging
systems. In general, focus has been on the technological design
options rather than specifying basic system functions and archi-
tectures. Hence, this thesis deals with determining the basic func-
tions and defining the overall system framework for GNSS-based
road charging system regardless of technological design.
With the increasing demand for GNSS-based road charging sys-
tems in Europe, more attention is now being paid on defining stan-
dards and developing ITS architectures as reference for the large
number of different types and combinations of GNSS-based road
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charging systems that are being developed throughout Europe
(refer to the European ITS Framework Architecture by [Bossom
et al., 2000]). As interoperable road charging has become one
of the European Commission’s objectives, research projects are
conducted on specifying and validating interoperability possibili-
ties for the German, Swiss, French, Spanish, Italian and Austrian
tolling schemes (see the CESARE Project by [Directorate-General
Energy and Transport, 2006]). Furthermore, the Road Charg-
ing Interoperability (RCI) project is contributing to the develop-
ment of an open integrated framework that enables interoperabil-
ity based on existing and planned European road charging sys-
tems [RCI Project Consortium, 2008]. GNSS-based road charging
is considered the next generation Electronic Toll Collection tech-
nology, as it offers greater flexibility in terms of charging by time,
distance and place and do not require roadside infrastructure to
record vehicle passages [Vrhovski et al., 2004].
In the following, this thesis provides a high-level functional ar-
chitecture for GNSS-based road charging systems based on the
concepts of system engineering.
3.2 System Engineering Methodology
System engineering is an interdisciplinary approach often used in
planning, designing, and implementing projects which enable the
realization and follow-on deployment of successful systems. It is
a systematic process of bringing a system into being; ensuring ef-
fective and efficient operation and supporting the system through-
out its projected life cycle [Blanchard, 2008]. System engineering
methodologies emerged from the U.S. Department of Defense pro-
grams in the 1950s. These programs often involved complex re-
quirements and high technical risk because of the use of emerging
technology. Following a number of program failures, the system en-
gineering discipline emerged to help mitigate these technical risks.
The system engineering process is a problem solving top-down ap-
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proach that transforms the needs and requirements into a set of
system product and process descriptions, generates information
for decision makers and provides input for the next level of devel-
opment. The process is applied sequentially, one level at a time,
adding additional detail and definition at each level of develop-
ment. The system engineering principles promote increased plan-
ning and clear system definition prior to technology identification
and implementation. It helps focus on defining customer needs
and required functionality early in the system development cycle
[California Department of Transportation. Division of Research &
Innovation, 2007].
3.2.1 System Life Cycle
A system engineering life cycle prescribes a number of different
phases that should be followed to successfully produce and operate
a system. The life cycle of a system includes the entire spectrum
of activity for a given system (refer to Figure 3.1), starting with
the statement of a need and ending with the disposal of the system
- also known as the cradle-to-grave approach [Faulconbridge and
Ryan, 2005].
Figure 3.1: System Life Cycle.
As shown in Figure 3.1 (inspired by [Faulconbridge and Ryan,
2005]), the system life cycle can be divided into two main phases:
• An acquisition phase, which begins with a perceived need
that provides the input for the system design and ends when
the system is brought into operation
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• A utilization phase, which begins with system delivery; and
is the final process within the system life cycle including
operation and maintenance prior to disposal
The acquisition phase comprises four main activities: conceptual
design, preliminary design, detailed design and development; and
construction and/or production.
The first step in system engineering, is aimed at defining the con-
ceptual design of the system by producing a clear set of system
requirements based on user and stakeholder needs; and identi-
fying the essential functions1 that meets these requirements. It
is important to translate the operational deployment needs into
requirements early in order to address these during the system
design and development activities. During this first step, the con-
ceptual design is described in a functional manner, to avoid prema-
ture commitment to specific technology or design concepts; and a
system-level functional architecture is established which meets the
user needs. The functional architecture describes what is needed
and which functions the system has to perform [Sage and Arm-
strong, 2000].
During the next step, the preliminary design is specified by con-
verting the functional architecture into a preliminary system con-
figuration. The preliminary system configuration describes how
the system should work and the functional architecture is trans-
lated into physical design. The translation occurs through an itera-
tive process of different activities including requirements analysis,
functional analysis and allocation and design synthesis (refer to
[Blanchard, 2008] for a complete view). The result of the prelimi-
nary design process is a subsystem-level design description, where
the identified functions and constrains have been arranged and
grouped in logical sequences; and functions have been decomposed
into lower-level functional units and components. This subsystem-
level physical architecture is the basic structure for generating the
design specifications. In this process, the functional architecture is
often revisited to verify that the physical design created can fulfil
1A function is specific action necessary to achieve a given objective [Blan-
chard, 2008]
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the functional requirements and constraints. During this phase of
the system life cycle, the system customer and system develop-
ers work very closely together. According to [Faulconbridge and
Ryan, 2005], the customer is responsible for defining the overall
system requirements, while the system developers are responsi-
ble for understanding and transforming those into detailed design
specifications.
Detailed design and development is the next step in the acquisition
phase. In this step, the physical architecture is used to commence
development of the individual subsystems and components. It fo-
cuses on providing more detail to the architectures and generating
detailed design specifications with sufficient information to com-
mence the construction and production activities.
The final step in the acquisition phase is construction and/or pro-
duction, During this activity, system components are produced in
accordance with the detailed design specifications. Different test
and evaluation activities are conducted to ensure that the final sys-
tem configuration meets the intended purpose and fulfils the user
needs; and final choices are made [Sage and Armstrong, 2000]. By
the end of this activity, the system is constructed in its final form.
On delivery to the user, the system moves into the utilization phase
which comprises operational use and system support. The system
engineering activities continue in this phase to support any modifi-
cations that may be required regarding performance enhancement,
environmental changes, maintenance needs or interoperability re-
quirements. The support activities continue until the system is
eventually phased out and retires from service [Faulconbridge and
Ryan, 2005]. At the end of the utilization phase, the system’s
entire life cycle is completed with disposal of the system.
As system engineering has the largest impact during the early
stages of the system development process [Faulconbridge and Ryan,
2005], the system definition (and decomposition) process during
the acquisition phase is the primary focus in the system engineer-
ing process. With the different activities, system engineering fo-
cusses on the entire system life cycle and ensures that this life cycle
is taken into consideration during the decision-making processes in
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the acquisition phase. In this way, utilization phase requirements
such as reliability and safety are considered during the acquisi-
tion phase and thereby impact on the system design early in the
development.
3.2.2 Vee Development Model
Within system engineering, different approaches to implement these
activities of the system life cycle exist. These approaches are of-
ten represented by a system development process model, which
is applied with the objective of providing a logical approach to
the overall process of system design and development. Several de-
velopment models exist, but most of them are derivatives of the
Waterfall Model, developed by Dr. Winston W. Royce for soft-
ware engineering in 1970 [FDOT, 2003]. The classic Waterfall
Model, demonstrates a top-down approach originally for software
engineering in which the development is seen as flowing steadily
downwards through the phases of system requirements, analysis,
design, coding, testing and operations. Today, the most common
development models used apart from the Waterfall model are the
Incremental model, the Spiral model and the Vee model (see [Fors-
berg and Mooz, 1992] and [FDOT, 2003] for a complete review).
All the various developments models help to impose discipline on
developers to produce a consistent set of requirements, functional
arrangements, and design solutions with the purpose of improving
productivity while at the same time providing deliverables that
satisfy the products end purpose.
The Vee Development Model (V-Model), developed in the 1980s, is
the recommended development model for ITS projects [California
Department of Transportation. Division of Research & Innovation,
2007]. The Vee Model (Figure 3.2) addresses the technical aspect
of the project cycle and represents the sequence of project events.
It reflects a top-down and bottom-up process designed to simplify
the understanding of the complexity associated with developing
systems. Within systems engineering it is used to define a uniform
procedure for product or project development.
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Figure 3.2: The Vee Development Model (inspired by [FDOT, 2003]).
The left side of the Vee Model represents the project definition de-
velopment from decomposition of system requirements into prelim-
inary design considerations and creation of system specifications.
It involves an early and complete identification of project goals, a
concept of operations that describes user needs and the operating
environment, high level system requirement development before
technology is chosen, and a detailed design description before the
system is finally implemented. The system definition progresses
from a general user view of the system to a detailed specifica-
tion of the system design. As the system is decomposed into sub-
systems, the requirements are also decomposed into more specific
requirements that are allocated to both subsystems and design
components.
The right side of the Vee Model represents integration of the sys-
tem components and their verification. It involves comprehensive
testing of the implemented system to make certain it meets the
stated requirements (system verification) and measuring its effec-
tiveness in addressing the stated goals (system validation), ending
with an on-going operation and maintenance process [Blanchard,
2008]. The arrows that cross the ”V” represent the connections be-
tween left and right and show how plans developed on the left side,
drive the right side process. The connections provide continuity
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between the beginning and the end of the system development.
On both sides of the Vee Model, an iterative interaction is found
between the different stages. While backward movement in the
process model is not desired, it is almost inevitable between ad-
jacent stages. For example, a desired design option may turn out
impossible to implement and the design specification hence has to
be reconsidered.
3.2.3 System Engineering Benefits
With these different step-by-step activities, systems engineering
helps to transform the customers’ needs to a detailed set of de-
sign requirements during the acquisition phase. System engineer-
ing thereby helps to match the customers’ needs with the technical
competency necessary to build the desired system. The system en-
gineering methodology is considered beneficial for large and com-
plex systems which often make use of state-of-the-art technology
and involve large sums of money, long time scales and significant
risks [Faulconbridge and Ryan, 2005]. The process ensures that
the costumer requirements are reflected in the design which helps
to reduce costly and time-consuming changes later in the system
life cycle.
Road charging systems involve people, processes and technologies
and can be complex systems, depending of the purpose and na-
ture of the charging scheme. Complex systems, which consist of
several different levels of subsystems within an overall framework,
are in general referred to as system-of-systems (SoS). System-of-
systems are a group of part systems that produce results unachiev-
able by the individual systems alone [Blanchard, 2008]. In a com-
plex system-of-systems configuration, the part systems are likely
to be operational in their own right, as well as be contributing in
the accomplishment of the higher-level operation requirement. Ac-
cording to [Cole, 2006], the complexity of system-of-systems con-
figurations strains the classical system engineering process, where
system requirements are decomposed through functional architec-
ture into detailed design. In a system-of-systems configuration,
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architecture has a much stronger influence on requirements as ar-
chitectural constrains imposed by existing systems and infrastruc-
ture can have a major influence on overall objectives and require-
ments. Cole highlights that in complex systems, where user needs
and technology are continuously changing, architecture becomes a
central part in understanding and defining the overall project as
there are multiple system architectures, interfaces and interactions
that must be thoroughly considered.
3.3 Conceptual Design
Based on the concepts of system engineering, the starting point
for this thesis’ derivation of a conceptual design for GNSS-based
road charging systems is a classification of the essential functional
requirements based on an understanding of the user needs.
3.3.1 User needs
When specifying system requirements, it is important for the sys-
tem developers to reflect upon the user needs. In a road charging
system, various parties are involved with many different stakehold-
ers. As each stakeholder may have their own set of requirements to
the charging system it is important to specify the primary entities
of these systems.
A road charging system has three primary entities (refer to Figure
3.3):
• A prime system client
• The system operators
• The road users
The prime system client is typically the government or the local
authority of the charging area, who has a need for a road charg-
ing system and to whom the operational system will ultimately
be delivered. Behind the system operators is one or several ma-
jor subsystem providers that will operate the different functions
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related to the road charging system. And finally, the road users
which use the roads within the charging area and thereby also the
charging system when implemented.
As each of the three primary entities has their own set of require-
ments to the charging system, the system requirements should be
considered from all three entities’ viewpoints.
Figure 3.3: Prime Entities in a Road Charging System.
The prime system client is the overall user and customer of the sys-
tem. The road charging system is ”ordered” to meet a perceived
need which varies from system to system. The main objective of
the road charging system might be to finance new infrastructure
or to manage traffic and reduce congestion and environmental im-
pacts (refer to section 2.3.1), but for whatever reason, the system
is implemented and used to achieve this desired goal. The over-
all requirement from the client’s point of view is therefore that
the system meets the system objectives. According to [Faulcon-
bridge and Ryan, 2005], the customer is responsible for defining
the overall system requirements while the system developers are
responsible for understanding and transforming those into the de-
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tailed design specifications.
For GNSS-based road charging systems, one common desire is to
locate vehicles in relation to the road network and determine their
road usage. The overall requirement can be further decomposed
into more detailed requirements regarding policy, system configu-
ration or technical performance. Hence every road charging system
has its own set of requirements.
The system requirements depend on the road charging objective
as they define both what the system is required to do and the
constraints under which it is required to operate. The set of system
requirements for GNSS-based road charging systems are in this
thesis classified into four overall categories (as illustrated in Figure
3.4): policy requirements, functional requirements, non-functional
requirements and operational requirements.
Figure 3.4: Classification of Road Charging System Requirements.
Policy requirements cover the requirements which are closely con-
nected to the overall system objective and describe why the system
is needed. Furthermore, the policy requirements include business
constraints for implementation/maintenance costs, the return on
investment, funding and delivery schedule, resources etc. These
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requirements are typically set by the prime system client in the
project definition phase (refer to Figure 3.2 on page 55) where
the concepts of operations are decided. The policy requirements
are supported by the operational requirements, which are require-
ments that decide the systems’ geographical scale, operational de-
ployment, overall system configurations (e.g. GNSS) and interop-
erability with other systems. The operational requirements iden-
tify who/what performs the system functions or how the functions
should be operated [Pearce, 2000]. The technical requirements
cover the functional and performance requirements for the road
charging system. In general, functional requirements define what a
system is supposed to do whereas non-functional (or performance)
requirements define how a system is supposed to be.
The first written operational requirements for road charging sys-
tems in general date back to 1964, where The Smeed Report2 was
published. The Smeed Report [Smeed, 1964] considered the eco-
nomic principles for road charging and compiled a list of the neces-
sary operational requirements that a comprehensive road charging
scheme should satisfy. The Smeed Report identified nine impor-
tant operational requirements:
1. Charges should be closely related to the amount of use made
of the roads;
2. It should be possible to vary prices for different areas, times
of day, week or year and classes of vehicle;
3. Prices should be stable and readily ascertainable by road
users before they embark upon a journey;
4. Payment in advance should be possible although credit fa-
cilities may also be permissible;
5. The incidence of the system upon individual road users should
be accepted as fair;
6. The method should be simple for road users to understand;
7. Any equipment should possess a high degree of reliability;
8. It should be reasonably free from the possibility of fraud and
2 The report describing the revolutionary study on alternative methods of
charging for road use, commissioned by the UK Ministry of Transport between
1962 and 1964.
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evasion, both deliberate and unintentional;
9. It should be capable of being applied, if necessary, to the
whole country and to a vehicle population expected to rise
to over 30 million3.
These operational requirements are still considered valid more than
40 years after they were identified [Ochieng et al., 2008].
However, in this part of the thesis, the focus is on defining the
functional requirements in order to highlight the necessary tasks
that the system must accomplish, and describe the essential func-
tions that any GNSS-based road charging system has to perform.
Therefore, any commitment to specific design or operational con-
figuration is at this point to be avoided so that the system require-
ments are described only in a functional manner with no technical
specifications or quality constraints. It is essential to define what
is required before deciding on how it specifically is to be accom-
plished.
User acceptance of the road charging system, is another concern
for the prime system client which is negatively affected by the per-
ceived infringement on freedom and unfairness [Jakobssona et al.,
2000]. It is therefore important to consider the road users’ point
of view during the requirement specification.
From the road user point of view, the primary requirements for the
road charging system are related to operational integrity. Accord-
ing to [Dunlavey, 1991] the road user needs to know that the road
charging provides the benefits attributed to it and is protected
against dishonest operation. Dunlavey points out three specific
operational concerns:
• Accuracy of charging
• Invasion of privacy
• Charge evasion
Accuracy of charging is concerned with the road charging system
having a very high degree of accuracy in its charging of the road
users. A high degree of accuracy gives the road users a good sense
3Estimated at the time of publication of the Smeed Report.
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of credibility towards the road charging system, as it is important
for the road users to know that they are being correctly charged
for their road usage. Dunlavey also include malfunctions and pos-
sible operator fraud in the charging accuracy concern which sets
requirements to the system configuration. Another concern of the
road users is the invasion of privacy. As the road charging system
is charging the road users for their road usage in a specified area,
it requires detecting the vehicles which is a great privacy concern
for many road users. The third concern is charge evasion which
is a concern from the prime system client point of view. Charge
evasion involves making the system as secure as possible to avoid
any fraud attempts by the users which can result in huge economic
losses.
The road charge operators are mainly concerned with providing a
road charging service which fulfils the functional and performance
requirements specified by the prime system client.
3.3.2 Determination of basic functional requirements
Regardless of which system or technology solutions are adopted,
road charging systems must include some basic functional require-
ments in order to meet the overall objective of charging road users
for their road usage. The basic functional requirements represent
the minimum needed but should however always be adapted to
the specific case. This part of the thesis defines the general ba-
sic functional requirements needed for GNSS-based road charging
systems. The functional requirements listed in this chapter have
additionally been inspired by [Federal Highway Administration,
2008], [Pickford and Blythe, 2006], [Brown, 2008] and [Directorate-
General Energy and Transport, 2006], although the definition of
functional and operational requirements is inconsistent within the
literature.
The overall concept of a GNSS-based system is to charge the road
users for their individual instance of road usage. In order to do
so, the system must identify both the vehicle and user and mea-
sure their individual road usage. This collected data must be dis-
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tributed within the system in order to calculate and allocate a
charge to the identified road user. In addition, the system should
be able to process the payment from the user and manage the
revenue income from several road users. Any GNSS-based road
charging system should therefore as a minimum be able to:
• Identify vehicle and user
• Measure individual instance of road usage
• Distribute data and information within the system
• Calculate a charge based on road usage
• Allocate the charge to the user
• Process payment from the user
• Manage the revenue income
Each of these seven basic functional requirements can further be
supported by additional functional requirements, derived in the
following. In order to calculate and allocate a charge based on
individual instance of road usage, the GNSS-based road charging
system should additional be able to:
• Provide continuous/discrete location determination
• Report from vehicle equipment to enable charging
• Process collected data
• Handle collection and management of data records
• Correlate user data
• Handle collection and settlement of charges and penalties
Addressing the user needs and the operational requirements from
the Smeed Report, the concerns for a trustworthy system that
considers the possibility of charge evasion or incorrect charging,
additionally requires the system to:
• Identify violators
• Handle verification of usage detection and transactions
• Minimize revenue leakage and fraud
• Handle complaints from road users
• Produce evidence of charge evasion
To furthermore ensure security and protection of privacy, the sys-
tem should in addition be able to:
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• Provide means for data security
• Provide means for protecting invasion of privacy
• Secure data and voice communication
• Provide facility for system monitoring and control
And finally, to ensure system operation and user service, the GNSS-
based road charging system should:
• Manage user registration
• Handle classification of vehicle characteristics
• Provide information and notification to users
• Provide facility to access in-vehicle equipment
• Manage charge exceptions and discounts
• Provide facility for system maintenance
• Provide means for system interoperability
• Manage administrative operations
The functional requirements determined in this section define es-
sential functional requirements which this thesis states as the min-
imum needed for any GNSS-based road charging system.
3.3.3 Functional building blocks
These identified functional requirements can be transformed into
a basic set of system functions that hence become the functional
building blocks of GNSS-based road charging systems in general.
In the literature, [Burnham, 2008] has identified four main road
charging system components which any road charging system needs
from a system perspective. The article describes the characteris-
tics of the technologies commonly considered for road charging
systems and discusses different types of scheme design. [Vonk No-
ordegraaf et al., 2009] define a functional architecture for road
charging schemes with focus on the functions that can be enabled
by state-of-the-art technologies. The article highlights the technol-
ogy options for the three road charging functions: Road Use Mea-
surement, Data Communication, and Enforcement and Inspection
and give a overview of the technologies available and the criteria
for technology choices. In [Brown, 2008], the basic functions for
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charging systems for infrastructure usage are derived. The article
demonstrates how operational issues give rise to design and archi-
tectural considerations and presents a system architecture for road
tolling systems including the main components and key interfaces.
None of the above mentioned articles derive their functional archi-
tectures based on the system requirements, which is a prerequisite
in the system engineering methodology of bringing systems into
being (refer to Section 3.2).
The functional building blocks for GNSS-based road charging sys-
tems proposed in this thesis are inspired by the above mentioned
literature and subsequently derived by taking into account the
identified functional requirements related to both the charging pro-
cess, the means for ensuring privacy and system security, the com-
munication needed to exchange information and the requirements
for system management and service that administers the entire
system.
The resulting seven functional building blocks defined in this thesis
are:
• User Service Management Function
• Vehicle Location Determination Function
• Communication Function
• Charge Construction Function
• Enforcement & Inspection Function
• Billing Management Function
• System Management Function
These basic system functions form the generic foundation of any
GNSS-based road charging system. The relationship defined in
this thesis between these functional building blocks and the defined
functional requirements is given in Table 3.1.
The seven functional buildings blocks, derived in this section, form
the basis for the high-level system architecture presented in the
following.
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Functions Functional Requirements
User Service
Management
Manage user registration
Identify vehicle and user
Handle classification of vehicle characteristics
Provide information and notification to users
Provide facility to access in-vehicle equipment
Vehicle Location
Determination
Provide continuous/discrete location determination
Measure individual instance of road usage
Report from vehicle equipment to enable charge
Communication Distribute data and information within the system
Secure data and voice communication
Charge
Construction
Process collected data
Handle collection and management of data records
Calculate charge based on road usage
Enforcement &
Inspection
Identify violators
Handle verification of usage detection and transactions
Minimize revenue leakage and fraud
Produce evidence of charge evasion
Billing
Management
Correlate user data
Allocate charges to the road users
Handle collection and settlement of charges and penalties
Process payment from the road users
Handle complaints from road users
System
Management
Provide means for data security
Manage revenue income
Manage charge exceptions and discounts
Provide means for protecting invasion of privacy
Provide facility for system maintenance
Provide facility for system monitoring and control
Provide means for system interoperability
Manage administrative operations
Table 3.1: Functional Building Blocks of GNSS-based Road Charging
Systems.
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3.4 High-Level Functional Architecture
A high-level system architecture describes a system by defining
the fundamental or logical structure of the individual components
within the system’s boundaries and interactions among them. More
specifically, a system’s architecture can be defined as follows [IEEE
1474-2000, 2000]:
”The fundamental organization of a system, embod-
ied in its components, their relationships to each other
and to the environment, and the principles guiding its
design and evolution.”
System architectures come in many forms and may be created
from a specific perspective and be more or less detailed, focus-
ing on specific aspects or parts of the complete system. In gen-
eral, the functional architecture presents a top-level description of
the system structure including its several functional blocks, sub-
functionalities and components [Department of Defense Systems
Management College, 2001]. Each of these functional blocks may
additionally be decomposed into a series of subfunctions which can
be further dissected to the component level (refer to Figure 3.5).
Figure 3.5: Decomposition of System Functions.
This approach enables the capture of all operational components
of a system. Generally, architectures are used as a means of struc-
turing the planning and discussion about the development of a
desired system. It serves as an important communication, rea-
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soning and analysis tool and becomes the point of reference to
all parties involved. Especially within integrated systems, system
architectures are important in order to have a clear and unambigu-
ous understanding of the overall concepts, so that system designers
can work in parallel on the development of individual basic com-
ponents within the system framework [Cole, 2006]. While such an
architecture does not specify the details on any implementation, it
does establish the overall guidelines which must be observed when
making implementation choices.
3.4.1 Determination of system functionalities
The seven basic system functions determined in the previous sec-
tions can be further decomposed into several sub-functionalities
that are necessary for a GNSS-based road charging system. Based
on the identified requirements, this section determines the main
functionalities of all the functional building blocks involved in the
process of road charging [Zabic, 2011b]. This determination of
these system functionalities is kept generic for all GNSS-based road
charging system configurations.
3.4.1.1 System Management Function
The System Management function is responsible for the overall
system functioning, which covers the accumulation of all func-
tions, subsystems, methodologies and operations for the control
and functioning of daily performance of the road charging system.
The requirements to be satisfied by the system management func-
tion can be categorized into four functional areas:
• Accounting management
• Maintenance management
• Configuration management
• Security management
The accounting function manages the system revenue and expen-
ditures. It covers all the administrative operations and handles the
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revenue management according to the charging objective and pol-
icy. The maintenance function deals with continuous maintenance
of the system components. The maintenance function requires
continuous information on component health and service sched-
ules and conducts reporting on system alerts, alarms and failures
to keep all system components in repair. It also maintains system
warranty, licence and service organisation details [Brown, 2008].
The configuration management focuses on establishing and main-
taining consistency of the road charging system’s performance with
its requirements and design [Gonzalez, 2002]. It includes activities
(such as annual reviews and evaluations) to ensure that the system
requirements are consistently being met in an effective and efficient
manner. It focuses both on performance of the organization, the
system functions and processes, level of service and manages any
necessary changes. In addition, the configuration management di-
rects system adjustments and ensures interoperability. Security
management is related to both physical security of the road users
and human resource safety functions. The security management
provides means for protecting invasion of privacy. It entails the
identification of information assets and the development, docu-
mentation and implementation of policies, standards, procedures
and guidelines in accordance with the legislation.
These system management functionalities are in this thesis classi-
fied into the four sub-functions given in Figure 3.6.
Figure 3.6: System Management Functionalities.
The system management function requires continuous reporting
from the remaining functional blocks to ensure that the system
satisfies the overall requirements. An effective management sys-
tem is crucial to ensure a smooth functioning of all system func-
tions, leading to system success, user acceptance and economic
advantages.
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3.4.1.2 User Service Management
The User Service Management manages the road user registra-
tions and technical installations in the vehicles. Several road user
registrations may be available depending on the charging scheme.
In GNSS-based systems, OBU installations are required for reg-
ular, frequent road users, which then are linked with pay-per-use
accounts [Pickford and Blythe, 2006]. The user service manage-
ment function manages the necessary tasks for installation, repair
and service of OBU in vehicles together with the road user reg-
istrations. Road user registration requires as a minimum enough
information to identify and validate the vehicle in order to link it
with an account. The road user registration is therefore closely
connected with the billing management function that manages the
pay-per-use accounts.
In addition, the User Service Management handles support and
information to the road users. Different information may be given
by dynamic message signs, web-services or communication through
the OBU managed by traffic managements centers or brochures
and campaigns providing useful information to the road users.
These user management functionalities, are in this thesis classified
into the three sub-functions given in Figure 3.7.
Figure 3.7: User Service Management Functionalities.
In general, the user service management function provides ser-
vice to the road users before, during and after the road charging
process. It assists the remaining functional blocks in providing
information and assistance to the road users.
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3.4.1.3 Vehicle Location Determination Function
The main objective of the Vehicle Location Determination function
is to gather information on the vehicles’ road usage by determining
their position when driving by use of GNSS positioning systems
(refer to section 2.3.4.1).
Determining the position of moving objects is a fundamental task
for many ITS applications such as autonomous navigation and
tracking of commercial vehicles. In road charging systems, the
vehicle positioning is important for detecting the vehicles’ driv-
ing and thereby determining their road usage. As seen from the
road charging scheme examples (in section 2.3.3), GNSS-based
road charging systems can be either distinct or cumulative. In
distinct charging systems, vehicle positioning is applied to locate
the vehicles in relation to specific roads or areas, while it is ap-
plied for continuous location determination in cumulative charging
systems. In both types of charging systems, the GNSS location de-
termination may be combined with additional measurements from
cellular positioning or dead-reckoning sensors (see Section 2.3.4).
In GNSS-based road charging systems, additional measurering may
furthermore be necessary for automated classification of vehicle
characteristics, depending on the scheme design. Additional mea-
suring of vehicle characteristics may be performed by sensor sys-
tems either in the surface, roadside or overhead [Persad et al.,
2006]. Inductive sensors embedded in the road surface can detect
the presence of a vehicle, while roadside or overhead sensors can
detect vehicle height, number of axles, shape of vehicle and gaps
between vehicles to provide information on the number of vehicles
crossing at a specified location.
The scope of the vehicle location determination function also in-
cludes data reporting. The data reporting function collects and
combines the measurement data from the positioning system and
the additional sensors if applied. It selects the relevant informa-
tion required and prepares data for subsequent communication to
the charge construction process.
The vehicle location determination functionalities are in this thesis
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classified into the three sub-functions given in Figure 3.8.
Figure 3.8: Vehicle Location Determination Functionalities.
3.4.1.4 Charge Construction
The main objective of the charge construction function is to cal-
culate the charge based on the vehicle’s road usage. The charge
construction function is closely related to the vehicle location de-
termination function and can either be integrated as an on-board
function embedded in the vehicle’s OBU or as an off-board function
in a central server based system. The charge construction function
receives the collected data from the vehicle location determination
function and processes the data for charge calculations.
The scope of the charge construction function also includes data
processing and summarising and sorting the locational data from
GNSS or other sources available, and converting the raw data into
usable information for the charging process. Furthermore, it in-
volves validating and storing data. Based on the collected loca-
tional data, the charge construction function determines the ve-
hicle’s road usage. This is achieved by spatial analyses of data
and different methods of charge calculation - either cumulative or
discrete.
From the usage determination, the charge calculation determines
the charge amounts to be payed corresponding to the vehicle’s road
usage. The charges are calculated by automated processes that
for a given period (e.g. weekly or monthly) summarizes the total
charge to be paid. If the charge calculation is integrated in a on-
board charging function, the calculated charges can be displayed
to the vehicle users. The summarized charges is forwarded to the
billing management function.
The charge construction functionalities are in this thesis classified
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into the three sub-functions given in Figure 3.9.
Figure 3.9: Charge Construction Functionalities.
3.4.1.5 Enforcement & Inspection
The main objective of the Enforcement & Inspection function is
to reduce the levels of unpaid charges, recover lost revenue and
prevent fraud and sabotage to the system. According to [Kon-
SULT, 2009], the enforcement strategy needs to be based on three
fundamental objectives:
• Ensuring that charging policies and payment rules are fol-
lowed by all road users
• Informing and raising awareness of scheme requirements to
prevent non-payment
• Ensuring that the fees are paid
This is achieved by inspecting the road users to identify violators
and produce evidence of fraud and unpaid charges. The evidence
is used in case of complaints or to apply the charge to the correct
user account and thereby ensure that the fees are paid. This can
be achieved by use of ANPR technology, tag and beacon technol-
ogy or by police inspection and physical barriers (refer to Section
2.3.4). Police inspection is a means of preventing fraud, as being
stopped by the police and having an immediate penalty is memo-
rable for the violator. In a GNSS-based system, police inspection
of the vehicles would mean verifying that the OBU is working cor-
rectly and that the GNSS positioning function is not obstructed
intentionally. However, in a large scale road charging system police
inspection is limited due to the expanse of resources involved and
the costs associated. This makes their use on a continuous basis
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impractical, such that the probability of being stopped is likely to
be low. Physical barriers can help to ensure that all vehicles enter-
ing a specific area have paid charges. With barriers, violators are
identified immediately, as the barrier will not permit the violator
to proceed. However, barriers also force the authorized users to
slow to near-stop at the gates.
With the gathered evidence of road usage and fraud attempts, han-
dling of users’ complaints can be processed in cooperation with the
billing management function. The evidential process relies on the
accuracy of the evidence captured. Often a combination of the ev-
idence extracted and associated information on time, date, vehicle
location and positioning data are used to check whether a user ac-
count exists and whether the vehicle has been seen elsewhere [Pick-
ford and Blythe, 2006]. The enforcement and inspection function
thereby supports the vehicle location determination function in
classification and identification of the vehicles. If the vehicle loca-
tion determination function fails, road usage can be proven by use
of the enforcement and inspection function and the charge can be
estimated based on a combination of collected vehicle information.
The scope of the enforcement and inspection function also includes
data verification, which is a very important process within GNSS-
based road charging systems. Data verification takes effect as qual-
ity assurance of the charging process and features verification of
the data collected, the road usage determinated and the charge
calculated and finally allocated. The data verification function
includes database checks, process evaluations, and assessment of
results.
The enforcement and inspection functionalities described above are
in this thesis classified into the four sub-functions given in Figure
3.10.
Figure 3.10: Enforcement & Inspection Functionalities.
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3.4.1.6 Billing Management
The main objective of the Billing Management function is to al-
locate charges to road users and manage the payment processes.
The core functionalities of this function are, as suggested by this
thesis, covered by:
• Correlating user data
• Allocating the charges to the road users
• Applying applicable discounts
• Formatting the invoices
• Sending invoices to the road users
• Collecting information of payment transactions
• Handling road user complaints
When charges are calculated within the charge construction func-
tion, the charge data are forwarded to the billing management
function, which hereafter correlates charges with user data and
manages the invoice and payment processes. The billing man-
agement function manages and applies applicable discounts. In
general, road charging systems can operate by prepay, post-pay,
or a combination of both [Pickford and Blythe, 2006]. It is rec-
ommended that all vehicles are linked to an account, in order to
provide a higher level of service to the road users. According to
[Burnham, 2008], billing for road charging systems is similar to the
complexity of billing within telecommunications; the challenge is
getting the accurate usage data, not in applying a tariff or handling
user accounts.
These core functionalities are furthermore supported by function-
alities that store billing details for producing reports of billing
history, and maintenance road user information for resolution of
customer issues and customer relationship management. In ad-
dition, the billing management function must handle road user
complaints and is therefore closely related to the enforcement and
inspection function, which verifies user data and produces the nec-
essary evidence.
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These billing management functionalities are in this thesis classi-
fied into the four sub-functions given in Figure 3.11.
Figure 3.11: Billing Management Functionalities.
3.4.1.7 Communication Function
The scope of the communication function covers the distribution of
information to the road charging system components in the form of
voice, data and video information. This is achieved using various
communication methods (see section 2.3.4.1). In GNSS-based road
charging systems, the data collected needs to be communicated
regularly from the vehicles to a central site in order to process
charging of the vehicles. In general, the communication function
provides connectivity and information transfer between road users,
infrastructure and charging system providers that are both internal
and external to the road charging system.
In this thesis, the communication function is represented as a link
between the different functions and is not further decomposed into
sub-functionalities as the communication function is very depen-
dent on the system design.
3.4.2 Road charging system architecture
The system functionalities presented in the previous section are in
this thesis defined as the main functionalities needed for execution,
management and control in any GNSS-based road charging system
configuration [Zabic, 2011b]. The defined functional blocks and
their related sub-functions are presented in a generic high-level
functional system architecture illustrated in Figure 3.12.
Summarized, the functional architecture defined by this thesis con-
sists of:
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Figure 3.12: High-Level Functional System Architecture.
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• A System Management function, which operates the over-
all system and manages the system monitoring and mainte-
nance. It administers the revenue management according to
charging objective and policy; and also directs interoperabil-
ity adjustments.
• A Communication function, which represents the informa-
tion flow that distribute data throughout the entire system
and consists of both voice and data communication.
• A User Service Management function, which manages the
road user registrations and technical installations in the vehi-
cles. The User Service Management provides information to
the road users and supports the remaining functional blocks.
• The Vehicle Location Determination function locates the ve-
hicles’ positions and in addition measures the driven dis-
tances. The function also screens and compiles the collected
data in preparation for reporting.
• A Charge Construction function, which processes the vehicle
location data and determines the road usage and the corre-
sponding charges.
• An Enforcement and Inspection function which verifies data
and the charging processes for documentation in case of non-
compliances. The function is also aimed at inspecting road
users to prevent and detect fraud and sabotage to the system.
• The Billing Management function allocates the charges to
the road users and manages the payment processes.
This high-level functional system architecture presents the system
functionalities independent of specific system design and is in this
thesis defined as the overall functional framework for any GNSS-
based road charging systems. This architecture can within future
GNSS-based road charging systems become a central part for all
entities involved in understanding and defining the overall project.
In these complex systems where user needs and technology is con-
tinuously changing, this high-level architecture helps to maintain
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the conceptual framework that defines the important concepts and
basic functions of GNSS-based road charging systems.
3.5 Summary
There are several findings that will be taken forward from this
chapter. Firstly, this chapter provided a definition of a GNSS-
based road charging system and its primary entities. Secondly,
system engineering methodologies were applied to determine and
classify the essential functional requirements for GNSS-based road
charging systems, which defines the necessary tasks that any of
these systems must accomplish. These listed requirements may
serve as the starting point in the planning and design of future
GNSS-based road charging projects, but should however always
be adapted to the specific case. Next in this chapter, the func-
tional requirements were transformed into seven system functions
for which the main sub-functionalities was defined. And finally, a
high-level functional architecture was defined for GNSS-based road
charging systems in general, which may serve as a common refer-
ence framework that helps to keep focus on the important concepts
and basic functions of GNSS-based road charging systems.
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Chapter 4
Performance Requirements
The preceding chapter defined the functional requirements and
the seven functional building blocks of GNSS-based road charg-
ing systems. However, these functional requirements are further-
more supported by the non-functional requirements, which impose
constraints or performance requirements on the system design or
implementation. The non-functional requirements are generally
measured in terms such as quantity, quality or coverage, and are
usually classified according to whether they are performance re-
quirements, maintainability requirements, safety requirements, re-
liability requirements, or one of many other types of requirements.
This chapter explains the overall performance requirements for
GNSS-based road charging systems. First, the concepts of system
dependability for GNSS-based road charging systems are intro-
duced as a generic term for the performance requirements for road
charging systems. Next, a functional flowchart of the road charg-
ing process is defined and the overall performance requirements are
discussed in relation to the vehicle location determination and the
charge calculation functions in the road charging process. Finally,
the performance discussion is supported by an in-depth literature
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review of GNSS-based road charging studies.
4.1 Dependability
GNSS-based road charging systems are complex systems perform-
ing many different functions using various technologies. They often
involve automated processes and interaction between components
and different interfaces. These complex systems rely on the per-
formance of every single element as one failure can result in failure
of the whole system and affect the dependability of the system.
Dependability is a general concept that embraces a number of non-
functional requirements or key qualities which are used to assess
the service delivered by a given system [De Florio, 2008]. The
concept of dependability integrates attributes such as reliability,
availability and safety and provides means to identify, forecast
and prevent failures in systems. The field of dependability dates
back to the 1940s and 1950s where the first generation of elec-
tronic computers were introduced and practical techniques were
employed to improve their reliability; and then extended to other
areas like military equipment, aerospace vehicles, nuclear power
systems and automobiles [Deconinck and Peperstraete, 1997].
Today, the concepts of dependability are used when engineering
all kinds of complex and critical component-based systems, where
denial of service can have economic consequences and also endan-
ger human life. In the field of ITS, dependability is usually linked
to safety-critical applications with intelligent control systems such
as adaptive driver assistance systems (ADAS), air traffic control
(ATC) systems and railway traffic management systems [Gietelink
et al., 2004]. In these safety-critical applications, the failure of
an automated safety system (e.g. air bags) cannot be tolerated.
Therefore, all aspects of dependability have to be considered in
design and operation of these systems, since they are important
for the responsibility of the manufacturers and the acceptability of
users. Within the different technical disciplines, special procedures
are developed and applied to meet the dependability requirements
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specified for the system.
GNSS-based road charging systems are considered liability-critical
systems, where denial of service and undetected faults and failures
generate significant legal or economic negative consequences. In
GNSS-based road charging systems the computed position, ve-
locity and/or time are used as the basis for charging [Cosmen-
Schortmann et al., 2008]. Any fault or failure that lead to incorrect
charging may cause economic loss or provoke wrong legal decisions
as the economic liability is associated to the legal aspects due to
the repercussion of potential claims.
This thesis introduces the use of system dependability for GNSS-
based road charging systems. Dependability is an important re-
quirement for a GNSS-based road charging system as the system
must provide fair charging and gain user trust by ensuring system
reliability and liability. Dependability is therefore for this research
defined as (rewritten from [Avizienis et al., 2000]):
The dependability of a liability-critical road charging system is the
ability to deliver a service that can justifiably be trusted.
The system service to be trusted involves all the functions in a
GNSS-based road charging system as correct service is only de-
livered when all system functions are implemented. The system
functions, which are what the system is intended to do, are speci-
fied by the functional requirements (refer to section 3.3.1)
The key performance requirements for GNSS-based road charging
systems involve operational integrity, charging reliability, protec-
tion of privacy and security against misuse of any kind. These
key requirements are encompassed by the concepts of dependabil-
ity (refer to [Avizienis et al., 2000], [Deconinck and Peperstraete,
1997] and [De Florio, 2008] for a comprehensive review), which in
this research is used as a generic term for embracing the attributes
which can be used to assess the service delivered by a given road
charging system. The main attributes are:
• Availability: readiness for correct service
• Reliability: continuity of correct service
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• Integrity: absence of improper system state alterations
• Maintainability: ability to undergo repairs
• Safety: absence of catastrophic consequences
• Confidentiality: absence of unauthorized disclosure of infor-
mation
Depending on the system design, there may be more or less focus
on the different attributes. [Avizienis et al., 2000] highlights that
the extent to which a system possess these attributes should be
interpreted in a relative, probabilistic way and not in an absolute,
deterministic sense due to the unavoidable presence of faults. No
systems are ever completely available, reliable or safe. In general,
the dependability attributes can concern both systems, subsystems
or single components of a system. To ensure a GNSS-based road
charging system that provides fair charging and gain user trust by
ensuring system reliability and liability, it is important to under-
stand the road charging process which is the core part of a road
charging system.
4.2 Road Charging Process
The road charging process is the key part in GNSS-based road
charging systems, which consists of the four functional blocks: ve-
hicle location determination, charge construction, enforcement &
inspection and billing management (described in Chapter 3). A
functional flowchart of the GNSS-based road charging process is
given as defined by this thesis in Figure 4.1 below. The figure
demonstrates the functional road charging flow in GNSS-based
road charging systems regardless of the specific technical design
chosen.
The vehicle location determination function is a prerequisite for
the road charging process. The GNSS positioning function to-
gether with any additional measurering provides the positioning
data that are fundamental for the road charging process. Through
the data reporting, the relevant positioning information is selected
and communicated to the charge construction function, where data
are processed. Before determining the distance driven, an assess-
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Figure 4.1: Functional Flowchart of the Road Charging Process.
ment of whether data are adequate for charging is necessary. If
adequate, the process continues and the road usage and corre-
sponding charge is determined. If inadequate, data verification is
necessary from the enforcement & inspection function to search
for evidence data. If the evidence data are inadequate as well, the
road charging process ends without the possibility of charging the
road users for their road usage.
When the charge is calculated, it is then communicated to the
billing management function and allocated to the user by corre-
lating user data. When the charges are allocated, billing data are
given to the invoice management which finalizes the road charging
process by communicating invoices to the payment process. The
payment process collects the payments from the road users. If the
payment succeeds, the road charging process ends with a successful
charging of the road user. If the payment fails, the road user may
lodge a complaint, which returns to the enforcement & inspection
function that manage any non-compliances and handle users com-
plaints by data verification and search for evidence data in order
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to recalculate the charge. If evidence data again is inadequate, the
specific road charging system should include specified procedures
implemented to handle such cases.
To ensure a GNSS-based road charging system that provides fair
charging and gain user trust, the output of the road charging pro-
cess must be dependable. The Dutch Ministry of Transport has
in relation to their considerations on GNSS-based road charging
defined a Concept Requirement Specification [Zijderhand et al.,
2006] saying:
”99 % of the monthly invoices need to be accurate within 1 %”
This Concept Requirement Specification requirement means that
the performance of the many different components and function-
alities in the road charging system, altogether must meet this
overall performance requirement. The road charging process can
be designed in various ways by use of different telematics tech-
nologies. In general, GNSS-based charging covers various types
of approaches which employ different technologies (DR, DSRC,
tachographs) and different methods of charge calculation in differ-
ent geographic road network representations. However, in GNSS-
based road charging systems the vehicle location determination
function forms the basis for charging. The computed position,
velocity and/or time are the basic input for the road charging pro-
cess.
4.3 Navigation Function
Applications of Global Navigation Satellite Systems in intelligent
transport systems are already extensively deployed as the Global
Positioning System is currently supporting a wide variety of ITS
applications. However, it is well known that satellite positioning in
dense urban areas raises a number of difficulties due to the lack of
satellite visibility in urban environments. Previous research high-
lights that the most important difficulties are related to signal ob-
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struction caused by urban canyons, bridges and trees, in addition
to multipath effects caused by reflections from the surroundings.
GNSS-based road charging systems have many advantages such
as flexibility, in terms of designing and deploying charging tactics
and a minimum need for external infrastructures, but the sys-
tems suffer from their technology dependency due to the nature
of GNSS with random position errors and temporal obstruction
of signals. These random errors and inaccuracies are of special
concern for GNSS based road charging, as they can lead to unac-
ceptable incorrect charging. With satellite-based technology there
consequently still are weaknesses to overcome, as road charging
systems as a liability critical application require a certain level of
GNSS performance to provide a high-quality service.
In recent years, Global Navigation Satellite Systems are being in-
troduced within Intelligent Transport Systems whenever appro-
priate and cost effective. Two GNSS systems are currently in
operation: the United States GPS and the Russian Federations
GLONASS. A third, the European Galileo system, is under devel-
opment. Each of the GNSS systems uses a constellation of orbiting
satellites working in conjunction with a network of ground stations.
4.3.1 Global Navigation Satellite Systems
Global Navigation Satellite Systems is the standard generic term
for all satellite navigation systems that provide a three-dimensional
positioning solution with global coverage. GNSS is a network of or-
biting satellites that transmit high frequency radio signals contain-
ing time and ranging data. The transmitted data can be received
by a GNSS receiver enabling users to identify antenna location
anywhere around the globe.
The most well known is the NAVSTAR Global Positioning Sys-
tem (GPS), owned and operated by the U.S. Government, which
is the only fully operational GNSS system in 2011. The Russian
GLObal NAvigation Satellite System (GLONASS) is also a opera-
tional GNSS but in the process of being restored to full operation.
These two operational systems are both under national military
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control, but are extensively used by civilians for air, land and sea
navigation. At the time of writing, two more global navigation
satellite systems are under development. The European Galileo is
a GNSS in initial deployment phase, scheduled to be operational
in 2014 [European Space Agency, 2011] and the Chinese regional
Beidou navigation system is planned to expand into the global
Compass navigation system by 2015. The NAVSTAR GPS is of
primary interest to this research.
4.3.2 Basic Operational Principles
The Global Positioning System is a space-based radio navigation
system developed and controlled by the US Department of Defense.
It consists of a constellation of minimum 24 satellites (4 satellites in
6 orbital planes) orbiting at an approximate altitude of 20.200 km
every 12 hours. GPS provides 24-hour, all-weather 3D positioning
and timing all over the world, with a predicted horizontal accuracy
of 22 meters (95 %). In depth technical descriptions of GPS may
be found in [US DoD, 2001], [Hofmann-wellenhof et al., 2008], and
[Misra and Enge, 2006].
Each satellite transmits ranging signals on two carrier waves in
L-band frequencies, designated as L1 and L2. The frequencies
contain two mathematical codes – the Coarse Acquisition (C/A)
and Precision (P) code1, which are used to separate the standard
positioning service (SPS) for civile users from the precise position-
ing service (PPS) for military use.
Positioning in the SPS is based on the principle of time of arrival
(TOA) ranging. The GPS L1 signal transmitted from each satellite
contains a Navigation Message2 from which the GPS receiver can
estimate the satellite position and satellite clock bias relative to
GPS system time. Each satellite carries precise atomic clocks to
generate the timing information needed for precise positioning.
1L1 carries both codes, while L2 carries only the P-code.
2Including satellite information e.i. satellite clock bias data, ephemeris
data, orbital information, almanac data for the entire constellation, and other
general information.
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Based on these signals that each visible satellite broadcast, the
receiver knows the satellite’s position and time of transmission of
the signal. By comparing this with the signal arrival time, the GPS
receiver estimates the pseudorange between satellite and receiver.
A pseudorange observation is equal to the true range from the
satellite to the receiver plus delays due to satellite/receiver clock
biases and other error effects [Misra and Enge, 2006]:
R = pt + c(Δt) + ² (4.1)
where R = observed pseudorange, pt = true range to satellite,
c = velocity of propagation (speed of light), Δt = clock biases
(receiver and satellite) and ² =propagation delays due to other
effects such as atmospheric conditions and multipath (described in
the following section 4.3.3).
The true range pt is equal to the coordinate difference between the
satellite and receiver:
pt =
√
(Xsat −Xrec)2 + (Ysat − Yrec)2 + (Zsat − Zrec)2 (4.2)
If the effects of ionospheric, tropospheric, satellite orbit, and mul-
tipath error on the pseudorange are ignored, then only four un-
knowns remain in the equation, the 3D receiver position (Xrec, Yrec,
Zrec) and the receiver clock bias (Δtrec). Positioning hence re-
quires that the GPS receiver gets signals from at least four satel-
lites. The GPS receiver hence uses triangulation to compute its
own latitude, longitude, elevation and time (refer to [Taylor and
Blewitt, 2006]). Adding more pseudorange observations provides
redundancy to the solution, while signals from only three satellites
can be used for 2D positioning.
4.3.3 Accuracy and Error Sources
The accuracy of the position and velocity estimates obtained by
a user depends upon the number of satellites in view at the time
and their spatial distribution, and upon the nature of the errors in
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the measurements [Misra et al., 1999]. There are various sources
of errors that alter the accuracy of the measurements. A thorough
description of these error sources is given in [Kaplan and Hegarty,
2006]. Some of the more significant components of the error budget
include [US Army Corps of Engineers, 2011]:
• Receiver and antenna quality and type
• Receiver platform dynamics (static or dynamic)
• Reference frames (satellite and user)
• Geographic location of user
• Satellite configuration relative to user
• Satellite characteristics
• Satellite constellation and service availability
• Atmospheric conditions (signal propagation delays)
• Solar flux density (11-year solar cycle)
• Multipath conditions at receiver
• Receiver noise
• Receiver mask angles
However, the primary sources of errors that degrade the GPS per-
formance are the atmospheric errors, the geometry of the satellites,
multipath, timing and satellite orbit errors.
Atmospheric errors are the most significant source of errors of
GPS. When the GPS signals travel through the ionosphere and
the troposphere layers before reaching the receiver antenna, they
are affected by charged particles (free electrons) in the ionosphere
which influence the propagation of microwave signals. The error
effect on the GPS range values is dependent on sunspot activity,
time of day, and satellite geometry (refer to [Hofmann-wellenhof
et al., 2008]). GPS operations conducted during periods of high
sunspot activity or with satellites near the horizon produce range
results with the highest number of errors. However, a dual fre-
quency receiver can reduce the effect of the ionospheric refraction
on the range error since the L1 and L2 signals experience different
propagation delays in the ionosphere.
The spatial relationship of the satellites being tracked relative to
the receiver plays a considerable role in the position solution error.
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The effect of the satellite geometry on the position error can be
expressed in terms of various dilution of precision (DOP) param-
eters. A GPS receiver constantly computes a DOP value based
on the satellites being used for the computation of the position
[Kaplan and Hegarty, 2006]. The better the geometry (satellites
properly spread in the sky), the lower the DOP value. With all
satellites confined in one part of the sky or blocked by buildings,
tree etc, the geometry will be poor and the computed DOP value
will be high. For applications which ignore the position elevation,
the Horizontal Dilution of Precision (HDOP) is used.
Multipath occurs when the signals from the satellites are not re-
ceived directly, but partially reflected from surfaces in the envi-
ronment. Basically, an antenna receives the direct (line-of-sight)
signal from the satellites. Multipath describes the error that oc-
curs when the signal arrives at the receiver from more than one
path due to reflecting surfaces near the GPS receiver. Multipath
normally occurs near large reflective surfaces, such as trees, metal
building or structure. GPS signals received as a result of multipath
give inaccurate GPS positions when processed as the reflected sig-
nal usually is a weaker version of the direct signal. Since reflection
surfaces are unique to each observation point and even vary over
time as the satellites move, the effect of multipath signal of range
measurements varies between the individual measurements. For
long observation periods (> 24 hours), the multipath effect will
be reduced by an average, while the multipath effect for most ob-
servation periods in minutes or seconds becomes more significant.
Multipath is one of the major error sources in GPS positioning
(refer to [Misra and Enge, 2006]). In urban areas, where both the
satellite geometry of the visible satellites is poor and the multipath
effect is worst, the positioning becomes significantly degraded –
also known as the urban canyon effect.
GPS satellites use high quality atomic clocks that are stable and
highly accurate, as GPS relies very heavily on accurate time mea-
surements. GPS satellites carry rubidium and cesium time stan-
dards installed in each satellite to prevent clock failures [Groves,
2008]. The clocks are checked several times a day from the con-
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trol stations on Earth. However, the time offset between the time
as recorded by the satellite clock and the time recorded by the
receiver results in errors in the range measurements.
GPS satellites follow very precise orbits. But drifts in the satel-
lite orbits are inevitable and very small amount can hence cause
significant errors in the range measurement. Satellite ephemeris
errors are errors in the prediction of a satellite position which may
then be transmitted to the user in the satellite data message. The
bias is the difference between the true position and velocity of a
satellite and its known value [US Army Corps of Engineers, 2011].
More accurate satellite orbit data can however be obtained at later
periods for post-processing, but not for real-time positioning ap-
plications.
In general, there are two main components that determine the
accuracy of a GPS position solution: the Dilution of Precision
(as described in the previous section) and the User Equivalent
Range Error (UERE) which is the uncertainty of each pseudorange
measurement. The UERE expresses the individual contribution of
each bias to the overall error and hence gives the accuracy of the
individual range measurements to each satellite. The positioning
accuracy can be predicted by:
Positioning Accuracy = DOP ∗ UERE (4.3)
From the above, it becomes obvious that the better satellite geom-
etry (and lower DOP), the better the positioning accuracy. Table
4.1 (adapted from [Kaplan and Hegarty, 2006]) summarizes the
primary error sources and their potential error size3.
As mentioned previously, several more error contributors exist.
Many of these range errors listed can be removed or minimized
by use of models that can be used as a corrective supplement for
the basic GPS information. Differential techniques also eliminate
many of these errors (refer to [Misra and Enge, 2006] for a more
detailed explanation).
3User range error contribution in meters
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Table 4.1: Error Source and Their Potential Error Size.
With satellite-based technology there consequently still are weak-
nesses to overcome, as road charging systems as a liability critical
application require a certain level of GNSS performance to provide
a high-quality service.
4.3.4 Required Navigation Performance
Determining the position of moving objects is a fundamental task
for many ITS applications such as autonomous navigation and
tracking of commercial vehicles. These applications hence depend
on the navigation function to be available and derive correct spatial
data including position, time and speed. From a user’s perspective,
the availability of GNSS is generally high. The use of in-vehicle
navigation systems, personal tracking devices etc. works whenever
needed and the accuracy of these applications seems fair. However,
liability-critical applications as road charging systems in which the
computed position form the basis for a charge, require a certain
level of navigation performance.
The GNSS performance can be measured with the four parameters:
accuracy, integrity, continuity and availability. These parameters
are known as the Required Navigation Performance (RNP) and
have their origin in aviation4 where it is used to define the level of
safety required of a navigation system, but the concept has been
extended to land and marine transport modes [Ochieng, 1999]. Ac-
4Developed by The International Civil Aviation Organization (ICAO).
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curacy describes the closeness of a measured position to the truth;
integrity relates to the OBU’s ability to provide timely warnings
that performance has weakened; continuity measures the ability
of the system to perform its function without interruption, during
an intended period of operation; and availability describes the per-
centage of time the service is available for use, without outages,
whatever the cause (refer to [Ashkenazi et al., 1995] for a complete
explanation). The service is available when accuracy, integrity and
continuity requirements are satisfied.
Tabel 4.2 shows the navigation requirements for liability-critical
road applications quantified in terms of the above presented RNP
parameters (derived from [Ochieng et al., 2003b] and [Feng and
Ochieng, 2007]).
Table 4.2: RNP for Liability-Critical Road Applications.
Even though GNSS-based positioning are the dominating appli-
cation in road transport, satellite based location determination
has difficulties in meeting the required performance because of the
GNSS vulnerabilities.
4.3.5 Augmentation
The integration of GNSS with internal/external augmentation sys-
tems is commonly suggested as complementary characteristics to
improve system performance. A number of augmentation systems
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can be added to support the GNSS receiver in creating a more reli-
able and precise vehicle location determination. The most common
discussed augmentation options are:
• Receiver algorithms (RAIM)
• Additional sensors (gyroscopes, accelerometers etc.)
• Additional GNSS systems (GLONASS, Galileo etc.)
• GPS Modernization
• Ground-based Augmentation Systems (LAAS)
• Satellite-based Augmentation Systems (WAAS)
• Pseudolites
• A-GPS
The use of GNSS augmentation systems takes many forms but all
share the same basic principle of providing supplementary infor-
mation whose objective is to improve GNSS performance and/or
trustworthiness where the GNSS receiver is more likely to be in-
fluenced by external conditions, such as dense urban environment
etc. Refer to [Drane and Rizos, 1998], [Samama, 2008], [Rapp and
Balmer, 2004], [Misra and Enge, 2006] for an in-depth description
of the different augmentation options.
Situations where the GNSS signals are blocked cannot be avoided.
The GNSS position determination can be improved, if the GNSS
receiver is integrated with other positioning systems. When the
GNSS receivers are not able to receive signals from the GNSS satel-
lites it is however possible to estimate the position of the vehicle
by extrapolating the last position estimate i.e. a back up function,
better known as dead-reckoning navigation that contributes to the
vehicle location determination. Dead reckoning (DR) is a concept
used for positioning methods that require knowledge about the ve-
hicles starting point (the last certain position) and its subsequent
distance and direction to calculate its present position. Therefore
a typical DR system consists of external distance and position sen-
sors, from where the information can be read. There are different
types of sensors that can function in combination with a GNSS
receiver. The list includes among others: gyroscopes, magnome-
ters, odometers, accelerometers, inertial sensors, tachographs, al-
timeters and inclinometers [Taylor and Blewitt, 2006]. With the
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development of the MEMS5 technology, the costs of producing and
using sensors have decreased considerably, and it has therefore be-
come possible to combine these with a GNSS receiver within a
more realistic financial framework. However, with these low-cost
MEMS sensors it is not possible to obtain the same accuracies
as those obtained with accuracy equipment and they are not as
dependable as mechanical sensors.
When the GNSS satellites are out of sight, the GNSS position
is extrapolated by means of distance and angle information from
these sensors. This results in a precise position determination,
even when the GNSS signal is weak or absent. However, a posi-
tion calculated by means of dead-reckoning systems will normally
be less precise the longer the time the OBU is without GNSS re-
ception. Hereafter, the receiver uses a Kalman filter to integrate
the reliability and short-term accuracy of the sensor data with
the long-term accuracy of the satellite data to a total fixed posi-
tion that combines the best from both worlds. A Kalman filter
compares the most recent measurements with the last calculated
positions and based on a statistical weighing of these, the position
accuracy is improved (refer to [Kaplan and Hegarty, 2006] for a
detailed description). Another advantage of the Kalman filter is
that a position can be calculated, even though there is no contact
to the satellites. Kalman filters are already integrated in most
hand-held GPS receivers.
As described, numerous augmentations options exist for GNSS po-
sitioning. Although they are different in cost, scale and applicabil-
ity, they all aim at improving the navigation performance in terms
accuracy, integrity, continuity and availability.
4.4 Charging Function
The main objective of the charge construction function is to cal-
culate the charge based on the vehicle’s road usage. As seen from
Chapter 2, GNSS-based road charging schemes may be based on ei-
5Micro Electro Mechanical Systems
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ther cumulative road usage or discrete events. The different types
of charging schemes set different performance requirements to the
charge calculation.
4.4.1 Discrete Charging
In discrete road charging schemes, the charge calculation hence is
based on detecting the charging events. This detection have four
possible outputs [Grush et al., 2009]): a correct detection, a correct
rejection, a missed detection or a false detection. The two last
cause under and overcharging respectively. A missed recognition
is a gain for the road user (and loss for the system) as the event
that took place did not get detected by the road charging system.
On the contrary, if the road user is charged for a false recognition of
an event that did not take place, the false recognition will result in
claims from the road user and threaten the system dependability.
To the author’s knowledge, no performance requirements exist for
discrete charging events, but [Toledo-Moreo et al., 2010] argue
that when stated there should be two different performance re-
quirements to avoid overcharging (for road users) and to ensure
revenues by avoiding undercharging (for system authorities). The
importance of deciding whether the stated requirement should be
satisfied by all trips, any time in any scenario or if it should meet
an overall statistical threshold, is in addition highlighted.
4.4.2 Cumulative Charging
In cumulative road charging schemes, the charge calculation is
based on one or more accumulated parameters, one of them be-
ing the distance driven. Hence several different charge calculation
methodologies exist, which in this thesis are classified into two
overall categories:
• Distance-based charging, based on the distance travelled as
a measure of usage (i.e. kilometre).
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• Distance-related charging, based on the length of the road
segments used.
The distance-based charge calculation determines the charge on
the basis of the accumulated distances between the individual
GNSS observations, whereas the distance-related charge calcula-
tion relates the GNSS observations to road segments in a digital
road network and determines the charge based on the accumu-
lated road segments. Both schemes are scalable from the level of
a single road section to an entire nation including all public roads.
Different algorithms for each of the two calculation methods are
available (refer to Figure 4.2).
Figure 4.2: Cumulative Charging Methods.
The cumulative systems primarily distinguish between whether the
spatial reference should be included in the charging. The charges
can be applied based on the driven distance or on time spent in the
network, and this can then further be related to either zones, spe-
cific road segments or directions. The choice of system design can
be both depending on what is politically desired or what is tech-
nically feasible, and presumably ends as a combination thereof.
Technically, there are however significant differences in the perfor-
mance of the road charging process between the various system
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designs. The more detail to be included in the charge calculation,
the greater technical demands on the system. Depending on the
scheme’s level of charging detail (zone, segments etc.), different
methodologies may be applied.
Map-matching is a spatial analysis tool that based on an advanced
algorithm, integrates the locational data with the spatial road net-
work on a digital map [Taghipour et al., 2008]. In general, the pur-
pose of a map matching algorithm is to identify the correct road
segment on which the vehicle has driven and to determine the
vehicle location on that segment. The algorithm snaps the posi-
tions or trajectory to the nearest feasible road and hence recreates
the driven routes. To identify the precise road segment the map-
matching algorithm mainly uses the proximity between the posi-
tion fix and the road, the degree of correlation between the vehicle
trajectory derived from the position fixes and the road centreline,
and the topology of the road network [Quddus et al., 2007]. Or-
thogonal projection of the position measurement onto the selected
road segment is normally used to calculate the vehicle location on
the segment. Map-matching thereby enables the physical location
of the vehicle to be identified on the map and is often used for
navigation applications.
The two types of charge calculations categories make different de-
mands on the position determination depending of the level of
detail of the charge. In case of distance-related charge calculation,
the positions are related to a digital road network, and minor
GNSS fluctuations and inaccuracies are more easily evened out,
and therefore the demands on the accuracy of the position deter-
mination are less strict. On the other hand, the distance-based-
charge calculation is not dependent on a digital road network and is
therefore not influenced by map errors and inaccuracies. Further-
more, both types of charge calculations are influenced by sources
of error in the form of general algorithm errors and underestimated
or overestimated filtration. It is generally common to all charging
processes that the better the position determinations, the smaller
the demands on the charge calculation process.
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With accumulated charging, it is important for the road users’
confidence in the system that the charge is in accordance with
the distance driven, being at the same time important for the
system that the charge levied corresponds to the vehicle’s actual
use of the road network. If the measurement of the distance driven
is too long as compared to actual distance, the vehicle will be
overcharged which highly reduces the confidence in the system. If
the measurement of the distance driven on the other hand is too
short, the vehicle will be undercharged as compared to the actual
use of the road network thereby causing a financial loss to the
system.
Figure 4.3: Cumulative Charging Possibilities.
The distance driven can normally be reproduced by means of cal-
culation. Figure 4.3 illustrates the overall possibilities of the cumu-
lative charging process [Zabic, 2011a]. In the few cases where it is
not possible to reproduce the distance driven or no data have been
registered, alternative methods must be used. These alternative
methods include:
• Shortest path algorithms
• Distance calculations between coordinates (straight-line)
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• Input from secondary enforcement system
In principle, all three alternative methods will result in under-
charging of the users of the system. This can therefore lead to an
increased motivation among the users of the systems to cheat the
GNSS positioning in form of jamming, vandalism etc. to obtain
the alternative calculation and thereby an undercharging of the
distance driven. It is therefore important for GNSS-based road
charging systems to ensure the accuracy and reliability of the po-
sition determination to make sure that as few as possible of the
trips are calculated based on the alternative methods.
4.5 Literature review of GNSS-based Case
Studies
In the last 10 years several GNSS based road charging studies have
been carried out both inside and outside Europe. The purpose
and dimension of the studies have varied, and both the technical,
financial and social aspects of road charging systems have been
tested in the studies. Several studies have been performed to test
the accuracy and reliability of GNSS positioning in connection
with both road charging systems and many other ITS applications.
In the following, the methods and results from the most important
studies carried out in recent years are presented. A summary of
the most relevant results can be found in Tables 4.13 and 4.14 in
Section 4.6.
4.5.1 London: Congestion Charging Trials
During the years 2003-2007 Transport for London (TfL) carried
out three extensive trials (London Congestion Charging Trials -
Stages 1, 2 & 3) in Central London to examine the technological
possibilities and challenges of road charging systems.
In 2003, the first trial (stage 1) was initiated which a proof-of-
concept study. From January to May 2004, this trial was per-
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formed in order to examine how new technology could support the
existing road charging system in Central London and the planned
Western extension zone. The trial tested four different groups of
technology with respect to accuracy and integrity. The four groups
of technology are:
• Cameras and number plate recognition system (ANPR)
• Tag & Beacon systems (DSRC)
• Satellite Navigation (GPS)
• Mobile phone technology (GSM) and Value Added Services
(VAS)
See the report on Stage 1 [TfL, 2005] for an explanation of the
different trials and analyses. In the Stage 1 trial, the performance
of the GPS was tested based on data collected from 7 different GPS
devices. In the report on Stage 1 the overall purposes and results
from the GPS analysis are described, whereas the description of
the trial itself and the analysis method is insufficient. A description
of the study method used in connection with the GPS part of the
Stage 1 trial can be found in the article [Evans et al., 2005].
4.5.1.1 GPS analysis in Stage 1
The purpose of the GPS analysis was to test the possibilities of
using GPS in connection with road charging systems and to evalu-
ate the performance of typical GPS devices available in the market
over a range of geographical and physical conditions in Central
London. In this trial, the GPS performance was assessed with
respect to accuracy and integrity.
The GPS analysis tested 7 typical GPS devices in the following
different versions:
• Standard GPS (not assisted GPS)
• EGNOS differential GPS
• A-GPS (assisted GPS)
• Specialized road charging equipment (OBU)
The devices included both stand-alone GPS receivers and GPS
4.5 Literature review of GNSS-based Case Studies 103
receivers integrated in mobile phones (both GSM and 3G), which
were installed in 4 cars belonging to the study. The cars belonging
to the study drove through 25 chosen routes in Central London
representing the different conditions under which a possible GPS
based road charging system should work. In addition, the routes
were designed to ensure that different kinds of driving with respect
to the existing payment zone were represented, for instance when:
• driving on roads next to the payment zone (clockwise and
counter clockwise)
• crossing the payment zone
• driving on a chosen route
• approaching the payment zone
Over 1,000 test runs on more than 20,000 km were made so that
each of the chosen routes was traversed between 40 and 60 times
[Evans et al., 2005]. All GPS measurements were compared with
reference data (representing the true value) collected from three
different data sources:
• Carrier Phase Differential (CPD) receivers (including GLO-
NASS receiver) installed in the cars and at a reference sta-
tion.
• Inertial examination of all routes with INS/Carrier Phase
GPS and video cameras
• Visual examination based on video data
The analysis evaluates the performance of the GPS with respect to
accuracy and integrity, defined by RNP parameters. The results
from the GPS analysis in TfLs Stage 1 trial show that the average
position deviation of all the devices and on all the routes is 9.7 m,
and that the maximum deviation is more than 1 km [TfL, 2005].
The literature does not describe the calculation methods used and
the specific results, but a comparison of the position accuracy of
the seven different devices is shown in the below table [Evans et al.,
2005], unfortunately without specification of the individual device
type.
Table 4.3 shows the variation in the performance of the devices
with respect to position accuracy.
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Table 4.3: Accuracy Comparison of the Seven Devices.
Even though the accuracy of the different GPS devices varies, none
of the devices exhibited a noticeable improvement in their average
accuracy. This also includes GPS devices integrated with inter-
nal augmentation systems such as dead-reckoning or differential
signals [TfL, 2005].
[Evans et al., 2005] show an empirical cumulative distribution of
the position deviation which states the percentage of the results
that are below a given value. It is concluded that 75 % of all
deviations were less or similar to 14 m and that 95 % and 99 %
of all deviations are less or similar to 28 m and 57 m, respectively.
This means on the other hand that 1 % of all position deviations
are bigger than 57 m and the analysis therefore concludes that
a buffer zone of 60 m on average is necessary at the entrances
to the payment zone to ensure that the position determination is
correct in 99 % of the cases TfL [2005]. At a few locations in
Central London, it will be necessary to introduce buffer zones of
250 meter.
[Evans et al., 2005] describe furthermore the results of the GPS
analyses examination of position integrity, based on the GPS de-
vices own description of error ellipse of the position. As error
ellipse data were not available for all seven GPS devices, the in-
tegrity analyses are based on insufficient data only stemming from
individual GPS devices. The result shows that the actual position
in approximately 35 % of the cases did not fall within the indi-
cated error ellipse. In 7 % of the cases, the actual position was
more than 500 m away from the error ellipse stated by the device.
The general conclusion of the GPS analysis in the TfL’s Stage 1
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trial is that stand-alone GPS receivers at that time did not have
sufficient position accuracy to be used in connection with road
charging systems in urban environments [TfL, 2006a].
4.5.1.2 GPS OBU studies in Stage 2
In the beginning of 2006, the second technology trial (Stage 2)
was initiated as a further development of the proof-of-concept
of Stage 1 to proof-of-technical-feasibility for chosen technologies.
The Stage 2 trial focused on the test of:
• Tag Beacon systems (DSRC), carried out in a mini-zone in
Central London equipped with beacons and tags installed in
cars belonging to the study.
• Satellite Navigation (GPS) to be used in connection with
distance-based road charging systems
• Value Added Services (VAS) and back-office systems to charge
calculation and charge collection.
See The State 2 report [TfL, 2006a] for a revision of the different
studies and analyses.
The report [TfL, 2006b] describes methods and results from the
extensive studies (GPS OBU trial) with GPS based navigation
equipment and navigation systems to be used in connection with
cumulative distance charging systems. The purpose of the GPS
OBU trial was to obtain a better understanding of how precisely
a complete GPS-based road charging system can charge a trip
made in London and to evaluate the technical feasibility of a com-
plete distance-related road charging system. Apart from tests of
the measurement equipment or on-board-devices, the trial also in-
cluded tests of the necessary back-office systems for charge cal-
culation and collection of the road charge. The study tested 17
different systems (from 14 different suppliers), with a common ref-
erence and included test runs in Central London of more than
14,000 km. The 17 different OBUs were installed in between one
and three cars belonging to the study, and three predefined routes
through Central London were covered between 30 and 90 times for
a total period of two weeks. All the systems were tested using the
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following method:
• Recollection of GPS positions by means of OBU equipment
installed in the cars used in the study.
• Relating of position information to individual road segments
by means of map-matching to a digital road network. The
process took place back-office after the trips.
• Conversion of the trip information to a charge levied in ac-
cordance with road type or time of the day. The charge
calculation also took place back-office.
Thus the different distance-related road charging systems were
tested at three different levels:
• Location Level: location level to evaluate whether the pri-
mary input to the system is of high quality.
• Road Segment Level: road segment level to evaluate whether
the system identifies the correct trip.
• Trip Level: trip level to evaluate whether the system calcu-
lates the correct charge and the correct trip length.
The results of TfL’s GPS OBU studies show that the best OBU had
an average location error of 5.1 meters measured at the location
level. On average the 17 OBUs had an average location error
of 6.7 meters, and only one of the units had an average location
error of more than 8 meters. This is an essential improvement as
compared to the previous studies (Stage 1) in 2004/2005. In the
report [MapFlow, 2007] there is a more detailed table showing the
average position deviation of the 17 OBUs. It appears from the
table that 99 % of the average position deviations fall within 37
meters.
At the road segment level, the best system (with own map-matching)
identified the road segments correctly in 98.6 % of the cases, with
1 % segments identified incorrectly as being part of the trip. On
the whole, for systems using their own map-matching (9 of 14) the
road segments were identified correctly in 96.8 % of the cases on av-
erage. The best system (with TfL’s map-matching) identified the
road segments correctly in 97 % of the cases, with 4.2 % segments
incorrectly identified as being part of the trip. On the whole, for
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the systems using TfL’s map-matching, the road segments were
identified correctly in 83.6 % of the cases on average.
At the trip level, the best system had an average calculation error
of 0.86 % with respect to the road charge and 0.82 % as com-
pared to the correct trip length. On average the systems had a
calculation error of 6.7 % (for charge calculation) and 5.4 % (for
trip length calculation), when the systems used their own charge
collection systems (9 of 14) and of 11.8 % (for charge calculation)
and 10.5 % (for trip length calculation), when the systems used
TfLs reference charge collection system.
In the Stage 2 trial other analyses were carried out based on which
it was evaluated that Galileo will improve the satellite coverage
in Central London significantly. However, even though Galileo is
used there will still be areas where positioning with minimum four
satellites will not be possible. The GPS OBU study concluded in
the report [TfL, 2006b] that the results are sufficient for introduc-
ing, at a later time, a parallel distance differentiated road pricing
alternative to the present Congestion Charge system in Central
London.
In 2008 the third technology trial (Stage 3) was carried out [TfL,
2008]. The Stage 3 trial performed more detailed trials with the
DSRC tag and beacon technology with primary focus on utility,
aesthetics, operational issues and interoperability aspects of the
different solutions tested.
4.5.2 London: Imperial College Experiments
Prior to the London Congestion Charging Trials, [Ochieng and
Sauer, 2002] evaluated and characterised GPS performance to po-
sitioning of vehicles in Central London. The article presents meth-
ods and results from a trial carried out in December 2000 with the
purposes of evaluating the capability of the GPS to support the
navigation function in advanced transport telematics applications.
The experiment included, at different levels of details, GPS satel-
lite coverage (availability), position accuracy and integrity. The
experiment included a car equipped with a Leica SR9500 stand-
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alone GPS receiver, and a particularly route through Central Lon-
don was chosen. The route had been chosen to cover the different
operational characteristics, including open country, dense urban
environment, tall buildings, tunnels and bridges and areas with
potential electromagnetic interference of the GPS signals. The to-
tal duration of the routes was 115 minutes, and the GPS data
were logged with a frequency of 1 Hz. All GPS measurements
were compared with reference data (representing the true value)
represented by a digital road network in London on the scale of
1:5,0006.
The GPS accuracy was examined by means of density analyses
made in ArcGIS and defined by the following three parameters:
• Fixed density: The relation between number of positions
within a specific accuracy demand and the total number of
positions.
• Total outage: The period during the entire duration of the
trip where a specific accuracy demand was not met.
• Maximum outage: The maximum continuous period where
a specific accuracy demand was not met.
The results of the density analysis are shown in the Table 4.4
[Ochieng and Sauer, 2002]:
Table 4.4: Results of GPS Accuracy Assessment.
The table shows the results of the density analysis based on the
trip’s total duration of 115 minutes. The total period where an
accuracy demand of 5 meters is not fulfilled is 96 minutes (equiva-
lent to 83 % of the trip duration). The equivalent numbers for the
10 and 20 meter accuracy demands are 82 minutes (72 % of the
trip duration) and 72 minutes (63 % of the trip duration). The
6Indicated plot error of 5 meters
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fix-density-relation for the 5, 10 and 20 meter accuracy demands
are 42 %, 74 % and 99 %, respectively. This means that 99 % of
the trip’s GPS positions lie within 20 meters from the middle of
the road.
The result of the density analysis furthermore shows that the max-
imum continuous period during which an accuracy demand of 20
meters is not met, is estimated to 4.7 minutes. This estimated
period is important for the choice of an alternative augmentation
system, as the period states how long an alternative system will
have to operate in Central London without full support from GPS.
The analysis shows that the GPS satellite coverage in London is
limited. Only during approximately 38 % of the trips duration
there is a minimum of four visible satellites available for posi-
tioning. If minimum five visible satellites are required (in case of
integrity) the number drops to as little as 15 %. The analysis
therefore concludes that the GPS satellite coverage in 2000 is too
low to support GPS positioning in advanced transport telematics
applications.
In a later study in 2002, Imperial College tested the integration of
GPS and dead-reckoning to real time-applications in an urban en-
vironment. In the article [Ochieng et al., 2003a] the performance
of different GPS receivers was tested with respect to satellite avail-
ability, accuracy and integrity. This study was also carried out in
London on a special route through Central London, chosen to cover
the different operational characteristics. The experiment included
a car equipped with four different GPS receivers with a view to
examine the differences between high precision GPS receivers for
land-based measurement and GPS receivers designed to transport
telematics applications. The different receivers used were:
• Geodetic GPS receiver
• Differential GPS receiver
• Stand-alone GPS receiver
• Integrated GPS/DR receiver
The integrated GPS/DR receiver was tested in GPS-stand-alone-
mode and in full-GPS/DR-mode. The Dead-reckoning (DR) sen-
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sors included a low-cost MEMS7 gyroscope, a temperature sensor
and an odometer. The total duration of the routes was 4 hours
and 10 minutes, and GPS data were logged with minimum 1 Hz
frequency. All GPS measurements were compared to a digital road
network in London on the scale of 1:1,2508. In this study the GPS
accuracy was also examined by means of density analyses made in
ArcGIS and indicated by means of fix-density parameters.
Analyses of the GPS satellite coverage in London show that dur-
ing 60 % and 98 % of the trip duration there is a minimum of 4
visible satellites available for positioning when using the geodetic
receiver and the GPS/DR receiver, respectively. If a minimum of
5 visible satellites are required (in case of integrity) the number
drops to 42.5 % and 96.5 %, respectively. The results demonstrate
an improvement as compared to the study in 2000.
The results of the density analysis based on the total duration of
the trip are shown in Table 4.5. The table shows the fix density re-
lation for 5, 10, 30, 50 and 100 meters accuracy demands indicated
for the different types of GPS receivers.
Table 4.5: Results of GPS Accuracy Assessment.
The results show that the fix-density-relation is relatively low for
both the DGPS and the geodetic receiver as compared to the
telematics receivers. The article [Ochieng et al., 2003a] stresses
that this can be due to differences in the receivers’ electronic sys-
tem, as the receivers are designed for different purposes and to the
telematics GPS receivers being designed for more dynamic con-
ditions. The two telematics GPS receivers have a performance
of 90-95 % of the positions within 30 m from the middle of the
7Micro-Electro-Mechanical System
8Indicated plotable error of 1.25 meter
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road, based on GPS alone. Only the integrated GPS/DR receiver
has all the trip positions logged (before drop-outs) within 100 m
from the middle of the road. The largest coherent drop-out for the
GPS/DR receivers (GPS mode) was 100 seconds which is therefore
the maximum period during which the DR system has to handle
the positioning in Central London without support from the GPS
system.
The analysis therefore concludes that the integrated GPS/DR re-
ceiver is the only one of the tested GPS receivers that can meet
the required demands to positioning in connection with advanced
transport telematics systems. The article stresses the importance
of choosing the right GPS receiver for the right purpose, as the
design of the receiver is typically optimized with respect to certain
types of applications.
4.5.3 London: Analyses of GPS OBU Trial Data
The Dutch Ministry for Transport has carried out a number of
analyses of GPS OBU data from TfL’s Stage 2 trials in Lon-
don with a view to examining the effects of non-map-matching
(distance-based) methods to determine the distance driven in case
of road charging systems. In the report [MapFlow, 2007] the
methods and results from this extensive examination carried out
by MapFlow and based on the original data from TfL’s Stage 2
study are presented. The purpose of this project is to understand
whether the drivers’ use of the road can be determined sufficiently
precisely without the use of map-matching and the inherent com-
plexity.
The MapFlow analysis is based on tests and comparisons of three
different algorithms for generating distance values without the use
of map-matching. The three algorithms used for the distance-
based determination method are as follows:
• A simple straight-line method based on time stamped GPS
raw data. The method calculates the straight line (Euclidean
distance) between each consecutive GPS point projected to
a Cartesian coordinate system.
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• A simple filtration method based on the above algorithm
with addition of a filter that takes into account the acceler-
ation of the car. If two consecutive GPS points show that
the car drives faster than 2 m/s2, this location is eliminated
in the calculation algorithm, based on the assumption that a
car in Central London cannot accelerate faster than 7 km/h
in one second, and that the high acceleration can therefore
be due to GPS errors.
• An advanced method based on extrapolation and interpola-
tion of the GPS points. When using this method the per-
formed trip is not influenced by each erroneous GPS point,
but instead a curve that approximates the apparent move-
ment of the vehicle over many GPS points is formed. Sim-
ilarly, the performed trip is not influenced by an acute lack
of GPS points. If a GPS point fails, a curve is extrapolated
based on the performed trip indicated by the GPS points
immediately before and immediately after a GPS drop-out.
All three algorithms are tested in relation to the truth9 according
to the three parameters listed below:
• Abs% Distance Deviation is the actual driven distance de-
ducted from the method calculated distance and expressed
in absolute percentage of the length of the actual trip.
• Abs% Distance Deviation Quantiles is the empirical cumula-
tive distribution of Abs% Distance Deviation certain for the
75 %, 95 % and 99 % quantile.
• % Distance Deviation is the actually driven distance de-
ducted from the distance calculated by the OBU systems
in the TfL’s stage 2 study and expressed in positive or neg-
ative percentage of the length of the actual trip. A negative
percentage therefore means that the calculated trip is shorter
than the length of the actually performed trip.
The overall results of the MapFlow analyses are compared with
9The truth refers to the distance determined in the TfL Trials from a set
of different data sources (refer to section 4.5.1).
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the results of TfLs map-matching analysis and shown in Table
4.6 [MapFlow, 2007]. It appears from the table that Abs% Dis-
tance Deviation (the distance deviation) varies considerably be-
tween the three calculation methods. In the straight-line method
there is no filtration of the observations and this is why individual
(bad) OBUs destroy the total average of the methods causing more
than 113 % deviations as compared to the length of the actually
performed trip. For instance one OBU had an average distance
deviation of 1,143.6 %. In the report it has therefore been decided
also to calculate the average of the three best OBUs. As regards
the three best OBUs the distance deviation drops to below 3 %.
Table 4.6: Main Results From MapFlow Analyses of TfL’s GPS Data.
In case of the filtration method, incorrect GPS observations are
eliminated, and the average distance deviation of all the OBUs
can therefore be improved significantly to 8.26 % of the length of
the actual trip. It appears from the results that the straight-line
method works well in case of good GPS positions, but not in case
of bad GPS positions.
In case of the advanced method, the distance deviation is approx-
imately 17 %. As the algorithm is designed to interpolate and
extrapolate between the GPS points the method is better to form
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a soft curve along the observations. Due to the design of this
method10, the algorithm however loses the control for certain pe-
riods of time which results in a total high distance deviation for
the advanced method. If the distance deviation for the three meth-
ods is compared with map-matching of the results from the TfL’s
stage 2 trial it can be seen that the average values for both Vendor
Average and Best Three are lower than those of the map-matching
methods. Only the results of the filtration method are somewhat
comparable with TfL’s map-matching algorithm.
The results of the analysis also show that a request that 99 % of
all charge collections have a distance deviation of less than 1 % of
the actually driven length cannot be met by any of the three cal-
culation methods. The advanced method gives the poorest result
as only 2.45 % of the charges can be calculated with a distance
deviation below 1 %. That the corresponding percentage is bigger
for the straight-line method than for the filtration method is prob-
ably due to the fact that the filtration algorithm also eliminates
individual good GPS observations from its calculation.
% Distance Deviation states the percentage of over and under-
charging, respectively, in connection with the three calculation
methods with respect to the actual length. It appears from the
table that both the straight-line and the filtration method are
most prone to undercharge, whereas the advanced method is most
prone to overcharge with respect to the distance driven. The re-
port stresses that the reason why the straight-line method is more
prone to overcharging than the filtration method, is probably that
the method does not eliminate GPS (software) errors which typi-
cally result in incorrect positions.
In the analysis the results are compared with the results of the
TfL’s map-matching analysis. Abs% Distance Deviation is calcu-
lated for the OBU’s (9 of 14) (see Table 4.7 [MapFlow, 2007]) that
used its own charge calculation system (map-matching). The re-
sults show that the suppliers’ best charge calculation system only
had an average distance deviation of 0.1 %, whereas the largest
average distance deviation is 26.8 %.
10Adaptation to several OBU’s.
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Table 4.7: Overview of Map-matching Performance.
On the whole, for the systems using their own map-matching, the
road segments were identified correctly in 96.8 % of the cases on
average11 with an average distance deviation of 3.20 % (overcharg-
ing) with respect to the actually driven distance. On the whole
for the systems using TfL’s standard map-matching, the road seg-
ments were identified correctly in 83.6 % of the cases on average
with a weighted average distance deviation of -8.80 % (undercharg-
ing) with respect to the actually driven distance.
Reference is made to the report [MapFlow, 2007] for more detailed
analysis results and annexes, and an extensive analysis of charge
collection and payment periods.
4.5.4 Holland: Anders Betalen voor Mobiliteit
In 2006, the Dutch Ministry for Transport carried out a test of
the GPS performance to determine GPS accuracy and reliability
in the Dutch environment with respect to the intended distance-
based road charging system. The study includes analyses of relia-
bility, position accuracy and determination of the distance driven
11Weighted average of number of trips for each OBU.
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(distance deviation).
The work was carried out by ARS Consulting and documented
in the report [Zijderhand et al., 2006]. The study is based on a
GPS data set collected in May 2006 where 19 cars equipped with
a Holux GPS receiver logged the GPS positions each second and
the speed from the car’s CAN-bus (twice a second) for a total
of 2,363 trips. Furthermore, the equipment had a start-up time of
approximately 90 seconds which means that no data are registered
during the first 90 seconds of each performed trip. Approximately
17 % of the registered trips were eliminated due to errors and
faulty data or extreme distance deviations. For the remaining
1,952 trips, the total GPS-distance was calculated as the sum of
all distances between two consecutive (and valid) GPS points plus
1.4 times the distance between the trip’s first GPS point and the
previous trip’s last GPS point12. An unexpected high number of
trips (339 of 1,952) were less than 2 km which may be due to the
non-representative participants’ business driving.
The study includes analyses of reliability where a general evalu-
ation is made with respect to the availability of GPS positioning
during the start-up period and during the trips and with respect
to the correctness of GPS data. The results show that in 2.1 % of
the total duration of the trips there were no valid GPS positions
due to cold start and driving in tunnels, garages, urban canyons,
etc. Furthermore it appears that less than 0.1 % of the GPS obser-
vations have a distance of more than 50 m in 1 second, equivalent
to a speed of approximately 180 km/h.
In the analysis, the GPS data are compared with a digital road
network, and the result shows that during 2.4 % of the time the
GPS points could not be related to the road network (within 50
meter). This is due to both errors in the road network, driving
on private and foreign roads and erroneous GPS positions (e.g.
due to multipath). [Zijderhand et al., 2006] estimate the latter
to occur less than 1 %. Furthermore the report estimates the er-
ror contribution from time-to-first-fix (TTFF) based on estimated
limit values and concluded that during 10 % (+/- 1 %) of the to-
12To compensate for time-to-first-fix and/or the 90 seconds start-up time.
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tal time driven there are no available GPS observations. Based on
the above analyses and estimates, the report states that the GPS
positioning is unavailable during 13 % (+/- 2 %) of the total time,
primarily due to the missing positioning before TTFF.
The report also includes analyses of position accuracy where a sub-
set of data are map-matched to the digital road network, which in
the analysis represents the true value. Each GPS point is projected
on the road network and the distance between the GPS points and
the road network is determined. Furthermore the road type is es-
timated based on the speed limit for each GPS point. The results
are shown in Table 4.8 [Zijderhand et al., 2006].
Table 4.8: Lateral GPS-position Accuracies per Road Class.
The table shows the variation in GPS position accuracy with two
road categories. The average distance between the GPS observa-
tions and the true value represented by the road network is 6.2
meters. It appears from the result that the 95 % confidence in-
terval is 1/3 higher at 60 km/h than at 120 km/h. According to
[Zijderhand et al., 2006] this is partly due to the fact that the
road categories with low speed are primarily found in urban ar-
eas, where the position accuracy is limited, but it is primarily due
to the fact that the used map-matching was not sufficiently ad-
vanced, inaccuracies in the road network and that the vehicles are
not driven exactly in the middle of the road. The average 95 %
confidence interval is 26 meters (in both directions) which gives
a total average 95 % confidence interval for the distance between
the GPS observations and the true value of 37 meters.
In the analysis the distance deviation is examined by comparison
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with odometer data from the vehicles’ CAN-bus. The distances are
calculated as the sum of the distances between two consecutive
GPS points ranging from the trip’s first log to the end of the
trip. For each trip and each road category the GPS distance, the
road network distance (map-matched) and the odometer distance
are known. A comparison of the GPS distance and the odometer
distance was carried out on a subset of data for the trips where the
odometer and GPS logging started simultaneously. The results of
the comparison are shown in Table 4.9 [Zijderhand et al., 2006].
Table 4.9: Comparison of GPS and Odometer Distances.
Across trip lengths and all road types, the average deviation turned
out to be less than 1 % and for trips over 400 km it was reduced
to 0.3 %. For the regular short trips in and around urban areas
the deviation was considerably bigger than 1 %. It also appears
from the table that there is a minimal variation between the dif-
ferent vehicles which indicates that both the GPS and odometer
measurements are consistent.
In the analysis the average GPS deviations are calculated per vehi-
cle and per road category. GPS deviations are calculated in meter
per kilometer. The results for chosen road categories (as a mean
of the vehicles) are shown in Table 4.10 [Zijderhand et al., 2006].
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Table 4.10: Calculated GPS Deviations in Meter per Kilometer per
Road Category.
The table shows that the GPS distance is generally bigger than
the odometer distance. According to [Zijderhand et al., 2006] this
is probably due to the zigzag deviation of the GPS position which
gives a longer distance with respect to the right line. At the same
time it appears that the GPS deviations are biggest in urban areas
(low speed) as the accuracy for roads with a permitted speed of
50 km/h is 16 +/- 92 meter per km. The total GPS deviation for
all road categories is 4 +/- 22 meter per km.
The most important conclusions from the extensive studies includ-
ing different road types and a wide range of environments are:
• Time-to-first-fix is the largest problem, but it can be solved;
• For bigger distances GPS determines the distances with suf-
ficient accuracy;
• For shorter distances the accuracy is not sufficient;
• High position accuracy is only necessary along the borders
to payment zones as the combination of GPS, a common
digital map and a simple map-matching algorithm can result
in missing accordance (erroneous registration) at these zone
borders.
4.5.5 Singapore: Mitsubishi Heavy Industries
In 2007 Mitsubishi Heavy Industries developed and tested an OBU
prototype with combined GPS and DR technology in Singapore
[Ohno et al., 2007]. The OBU was developed with a view to be-
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ing able to calculate the distance driven within predefined virtual
payment zones and thereafter to calculate the equivalent charge.
Mitsubishi Heavy Industries tested this prototype OBU in dynamic
studies with different routes through three virtual payment zones
in different environments13 in central Singapore.
The study included a car equipped with OBU and GPRS commu-
nication and a central system (back-office) to receive the calculated
charge from the OBU. The study was designed in such a way that
when the OBU registered that the car had crossed the border to a
virtual payment zone, the distance measurement took place until
the car had left the zone in question again. Afterwards, the corre-
sponding charge was calculated and sent via GPRS to the central
system. The OBU consisted of:
• A GPS receiver
• A CPU (processor)
• A pulsometer attached to the odometer of the car
• A direction sensor
• A Kalman filter for filtration of GPS and DR input
The OBU stores the GPS position data, the accumulated distance
calculation and the calculated charge in its internal memory. The
central system only receives the calculated distance and charge.
The study tested the OBUs ability to register the entrance to the
virtual payment zones and the accuracy of the distance calculation
within the zones.
The results of the study show the measured erroneous distances
between a defined zone border and each zone registration position
for the trips performed within the three different payment zones.
It appears from the results that there are more major erroneous
distances (10-20 meter) in case of payment zones in dense urban
environments (urban canyons) than in case of payment zones in
the commercial district and in the suburban districts. Generally
all the erroneous distances measured in the three payment zones
did not exceed 20 meter. The article therefore concludes that a
buffer zone of 20 meters is necessary in the direction of travel at
13Urban canyon area, commercial district, and suburban district.
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each zone border.
The study also tested the accuracy of the calculated distance within
the payment zones. The result is shown in Table 4.11 [Ohno et al.,
2007].
Table 4.11: Accuracy of the Calculated Distance.
The table shows that the accuracy of the calculated distance is
better outside the urban area. The maximum erroneous distance
found in dense urban environments is 11 meter. Generally, the
maximum errors are below 2 % for the calculated distances within
all three payment zones. The article concludes that the tested
OBU used alone is capable of obtaining the practical usage level
for zone border determination and distance calculation without
position corrections based on map information.
4.5.6 Denmark: AKTA Experiment
In Denmark, Copenhagen participated in the PROGRESS project
with a road pricing trial (AKTA) based on satellite positioning.
The experiment was co-funded by the EU-project PROGRESS
where other experiments with road pricing were carried out in
other European cities.
The aim of the AKTA experiment was to test whether road use
taxes would change travel behaviour (refer to [Nielsen and Sørensen,
2008] for a description of the behavioral results). The AKTA
experiment was conducted in 2001-2003 and included 500 cars
equipped with GPS receivers. Since there was no standard equip-
ment, special OBUs were developed to record the coordinates and
tariff levels based on GPS technology. GPS data was logged, when
cars were in motion, and a very large and complete set of data was
collected. AKTA tested three different pricing schemes – two zone-
based schemes with cumulative distance charging and a discrete
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scheme with payment for zone crossings and developed a map-
matching algorithm for the experiment. The AKTA experiment
gave detailed knowledge about the technical aspects of GPS-based
road pricing [Nielsen and Wu¨rtz, 2003].
Generally, the GPS technology caused much more problems than
anticipated [Nielsen, 2002]. About 90 % of the trips had gaps in the
positioning, 3 % hereof to an extend where the trip could not be
recreated afterwards. The most common cause for short outages
(less than 5 min) was signal fallouts during the trip, but also re-
ceiver start-up time, driving in urban canyons, tunnels, garages
and under trees resulted in short positioning outages [Nielsen,
2003]. Large outages (more than 5 min) were primarily caused
by installation problems and defect units. In addition the results
showed that the distance between the first position and the last po-
sition from previous trip was less than 30 meters for the majority
of trips.
The results furthermore showed that reduced accuracy was less
frequent in the data set. With sufficient visible satellites to esti-
mate a position, the position accuracy was pretty precise. In some
cases the positioning accuracy was affected systematically when
the vehicles drove fast in curves – e.g. on motorway ramps. In
addition is was concluded that poor position accuracy had some
impact on the post-processing of the observations. The AKTA
results furthermore demonstrated that the segmentations in trips
were some times defined wrongly due to signal fallouts, significant
bottlenecks and faults while other trips (chains) on the contrary
were wrongly joined into one trip. It was also found that several
vehicles had significantly more fallouts than others. Vehicles with
metal filters in the front window or with very vertical windows,
had problems with signal reception. In general, several different
technical problems occurred during the experiment, resulting in
[Nielsen, 2002]:
• 46 % of the participants experienced technical problems
• 5 % experienced that that the battery was discharged
• 14 % had a unit that stopped working
• 5 % had a non-working unit at a given time during the ex-
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periment
The AKTA experiment concluded that far more work is needed
to address the technology issues, if a GPS-based road charging
system is to be implemented at full-scale.
In [Zabic, 2004] the positioning performance in Copenhagen was
assessed based on the AKTA positioning data. The positioning
data were analyzed in order to determine whether the GPS qual-
ity and reliability is adequate for implementation of a road pricing
system. Both the satellite visibility and the horizontal dilution of
precision were analyzed in relation to the density of the built-up
areas by use of different digital maps in a GIS. The results from the
analysis showed that the satellite availability was inversely propor-
tional with the building density in Copenhagen. The narrow street
canyons in downtown Copenhagen prevented a sufficient amount of
satellite signals to reach street level, which caused too many gaps
in the position logs [Zabic, 2005]. The assessment concluded that
the satellite availability in Copenhagen was not sufficient in 2003
to form the basis for a reliable operational road pricing system
based on stand-alone GPS.
In 2005, a Galileo Simulator was developed to simulate the an-
ticipated satellite visibility and positioning quality in Copenhagen
with the upcoming Galileo system (refer to [Jensen et al., 2005]).
With a 3D city model of Copenhagen, a Galileo simulator, and a
ray-tracing algorithm, an analysis of the GNSS availability in the
streets of Copenhagen was carried out. The analysis focused on
the number of visible satellites and the HDOP. The results (refer
to Table 4.12) showed that the satellite availability, given both
by the number of visible satellites and by the HDOP, was slightly
better with Galileo than with GPS, and the situation was con-
siderably improved if GPS and Galileo were used in combination.
The results also showed, however, that there will still be streets in
downtown Copenhagen were the receiver-satellite geometry repre-
sented by the HDOP is not sufficient for reliable positioning during
the full 24 hours of a day, even when combined GPS-Galileo re-
ceivers are introduced.
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Table 4.12: Mean and Standard Deviation of Number of Visible Satel-
lites and HDOP for GPS Only, Galileo Only, and Combined
Galileo/GPS (24 hour simulation).
4.5.7 Discussions on Literature
It appears from the literature study that the average obtainable
position accuracy in dense urban environments in Europe (London
and Holland) is approximately 6-12 m, a result which can there-
fore also be expected in Denmark. In London the results showed
that 99 % of all observations fell within an accuracy demand of 20
m (using only GPS) and that all 100 % fell within 100 m (using
GPS+ DR). However, if you look at the spread of the results, it
can be seen that when using GNSS there may appear significantly
worse accuracies, often characterized by large sudden deviations
(sudden jumps) of hundreds of meters. It is therefore normally
recommended to introduce buffer zones around zone borders to
avoid that the charge calculation is based on equivocal GNSS ob-
servations. However, these large deviations only make up a small
percentage (0.1 % in Holland) and can be eliminated by means of
algorithms.
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Generally, the number of visible satellites available and the HDOP
value (the importance of the location of the satellites with respect
to the receiver) is used to evaluate the GNSS positioning quality
in different urban environments, even though these parameters do
not represent the full picture of the positioning quality. In this con-
nection, the results for Denmark show an essential improvement
of the positioning quality during the last 5 years as the distribu-
tion of number of visible satellites is considerably higher and as the
number of roads with deteriorated positioning quality has dropped
significantly. The number of visible satellites can also be used to
evaluate the GNSS availability with respect to the trip duration.
The results from London show an improvement as compared to
the two studies performed in 2000 and 2002, respectively. In 2000
there was a minimum of 4 visible satellites during 38 % of the
trip’s duration in Central London, whereas in 2002 there was a
minimum of 4 visible satellites during 98 % of the trip’s duration.
Similarly, the maximum coherent drop-outs in connection with the
GPS-stand-alone positioning improved from 4.7 minutes in 2000
to 100 seconds in 2002. It was evaluated that the increasing avail-
ability of visible satellites is primarily due to the development of
GNSS receivers.
It also appears from the literature study that there are not many
comparable tests of the use and the possibilities of internal aug-
mentation systems in connection with road charging systems. From
the few studies that have been carried out it does not appear which
results belong to which OBU and it is often difficult to obtain
the details from the manufacturers. Generally, the results look
promising for the use of dead-reckoning systems (London and Sin-
gapore). In the analysis from London it is concluded that the inte-
grated GPS/DR receiver is the only tested GPS receiver that meets
the requested positioning demands in case of advanced transport
telematics systems. Today, Kalman filtration is an integrated part
of the available OBUs in the market just as HSGPS receivers have
substituted the standard GPS receivers of most of the manufac-
turers.
Calculation of the distance driven can generally be performed by
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map-matching to a digital road network (distance-related) or by
means of other calculation algorithms (distance-based). MapFlow
tests three different distance based calculation algorithms with dif-
ferent levels of details and compares them with map-matching
results. The results hereof show a large variation in the results
obtained across calculation methods. The results from London
show that when using the best map-matching algorithm a 0.1 %
deviation from the driven distance can be obtained, and that the
poorest results give a deviation of over 25 %. This underlines the
importance of choosing the right combination of OBU and calcula-
tion algorithm to obtain the best results for the charging process.
On average there is a deviation of 3.2 % from the vendors’ own
map-matching algorithm that, on average, map-matches correctly
in 96.8 % of the cases (with an average location error of 6.7 me-
ter). The results also show the importance of using filtration of the
GPS position in connection with the distance calculation. None of
the results can obtain a 99 % charge collection with less than 1 %
error.
The results of the Dutch analyses show that distance calculation
with GPS on average deviates less than 1 % from distance calcu-
lation performed with an odometer. The analysis stresses that the
distance calculation is generally a little longer with GPS than with
an odometer, and that the deviation is biggest for short distances.
It is estimated that integration of GPS with an odometer is not
useful for the accuracy of the distance calculation itself, but that
it can be useful as a secondary measurement method during the
percentage of the time that the GPS positioning fails (e.g. under
time-to-first-fix).
The literature generally focuses on what is possible rather than
on what is not possible. Often it is not clearly described which
errors and shortages that have been used to define the data as
being invalid or to exclude them from the data set. In the Dutch
analysis 17 % of the GPS data are eliminated and the GPS points
are declared invalid in 2.1 % of the total duration of the trips.
It was concluded that more focus should be placed on the errors
occurred, the error rates and their importance for the charging
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process in order to eliminate an even bigger part of the sources of
error and obtain a higher system reliability. The results underline
the importance of data validation before the charge calculation, as
invalid data and coarse registration errors can give rise to serious
errors when charging the users of the system.
4.6 Summary
This chapter has explained the performance requirements support-
ing the conceptual design of GNSS-based road charging systems.
The concept of system dependability adapted from electrical engi-
neering has been introduced for liability-critical road charging sys-
tems and in addition the overall performance requirements have
been presented for the vehicle location determination and charge
calculation in the road charging process. A functional flow-chart
of the road charging process in GNSS-based road charging systems
has furthermore been defined in this chapter. Finally, an in-depth
review of GNSS-based road charging studies has been provided,
summarizing the most relevant existing performance results for
the road charging process.
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Table 4.13: Summary of Results - Part 1.
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Table 4.14: Summary of Results - Part 2.
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Chapter 5
Technical Road Charging
Experiment in Copenhagen
This chapter presents the technical road charging experiment in
Copenhagen conducted as a part of the PhD research presented in
this thesis. Firstly, the chapter provides a description of the ex-
perimental design including the technical and practical experiences
during the experiment. As the collected data from the experiment
served as the basis for the performance analyses and results pre-
sented in this thesis, a data reliability assessment was performed
on the collected data set to verify if data was sufficiently complete
and error free to be convincing for road charging purpose and con-
text. The data reliability assessment is presented in the second
part of this chapter.
5.1 Background
The PhD research presented in this thesis is based on an empiri-
cal performance study of vehicle location determination in GNSS-
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based road charging systems. During 2007-2009, a technical road
charging experiment was conducted in Copenhagen as a part of
this PhD in cooperation with Siemens. The objective of this ex-
periment was to assess the performance of the vehicle location
determination function based on state of the art GNSS-based road
charging technology.
In 2007 the experiment was initiated from this PhD research and
the experimental design and set-up was hereafter defined in coop-
eration with Siemens1 (refer to Figure 5.1). By the end of 2007, the
first OBUs were installed in a few vehicles to test the installations
and the data transmission.
Figure 5.1: Experiment Timescale.
The experiment was conducted in Copenhagen between Septem-
ber 2007 and October 2008. Within this one-year period (400
days), 40 vehicles collected vehicle location determination data
with GNSS-based road charging technology developed by Siemens.
Figure 5.2 illustrates the experiment set-up. Siemens provided the
road charging technology consisting of 40 state-of-the-art OBUs,
a back-office solution with web-interface for the participants and
support for installation and maintenance during the experiment.
TDC mobile provided the GPRS communication for data transmis-
sion during the whole experiment. The overall management and
coordination of the experiment was conducted within this PhD
study.
In order to carry out a realistic assessment of the vehicle loca-
tion determination performance, the experiment was designed to
1Siemens Industrial Solutions & Services Departments: Electronic Toll So-
lutions in Austria and Power & Transportation in Denmark.
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Figure 5.2: Experiment Set-up.
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include 40 participants both individuals, taxies and corporate ve-
hicles from Parking Copenhagen, to encompass as many types of
conditions as possible. All participants lived and worked in the
greater Copenhagen area so that the different spatial urban char-
acteristics were represented.
In 2009, the OBUs were uninstalled and the collected data were
handed over from Siemens to DTU Transport. Hereafter, data
management was undertaken in order to setup a database server
and extract, transform and import the collected data. In the fol-
lowing, this received data set was used in its complete form without
any data washing and is referred to as the collected data. Different
subsets of this data set are used only when mentioned.
During 2009-2010, different analyses were conducted within this
PhD research to assess the performance of the vehicle location
determination function. The analyses include a data reliability as-
sessment presented in this chapter, followed by analyses on satellite
availability, positioning performance and time-to-first-fix in the fol-
lowing chapter (refer to Figure 5.3). Finally, the driven distance
determination performance is assessed based on simulations.
Figure 5.3: Performance Assessment Analyses Presented in this Thesis.
All analyses were conducted as a part of this PhD study and the
results from these assessments are presented in this thesis.
5.2 Experimental design 135
5.2 Experimental design
The vehicles drove 10 months on average and provided 194,047
trips in total (refer to Table 5.1). The total distance travelled2 for
all 40 vehicles during the experiment is 221,784 kilometers. The
collected data included more than 48 million GPS observations
and provided information on time, date, longitude and latitude,
the number of visible satellites, horizontal dilution of precision
(HDOP), mileage and velocity.
The OBUs (smart clients) used a latest generation high sensitivity
GPS-receiver with an internal antenna. All GPS positions were
measured and logged with a 1Hz frequency and sent to a back-office
system approximately every 30 minutes by GSM communication.
The OBU GPS receiver specifications can be found in Table 5.2.
Data Characteristics
Total number of trips 194,047
Number of vehicles 40
Measurements period 27-09-2007 to 31-10-2008
Total number of GPS positions 48,721,765
Total distance travelled 221,784 km
Total time travelled 24,713 hours
Total time logged 12,996 hours
Table 5.1: Data Characteristics.
The acquisition time mentioned in the GPS receiver specifications
refers to how long it takes to gather signals from enough GPS
satellites to determine its location after being switched on. Cold,
warm and hot starts refer to when the GPS receiver last was used.
The vehicle location determination data from all 40 vehicles was
continuously collected and stored in the Siemens back-office sys-
tem. By the end of the experiment, data was transferred to DTU
Transport as large text-files. The large amount of data was sub-
sequently imported and processed in a MySQL database.
2The total distance travelled is based on the OBU mileage measurements.
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Receiver specifications
Receiver type SiRFstarIII
Frequency L1 C/A code
Channels 12
Update rate 1 Hz
Acquisition times Cold start ≤ 100 sec
Warm start ≤ 40 sec
Hot start ≤ 8 sec
Table 5.2: Receiver Specifications.
In order to lay emphasis on the spatial distribution of the per-
formance parameters, the analyses presented in this thesis were
all conducted with the ArcGIS Desktop packages (ArcInfo Desk-
top, ArcEditor and ArcView) supported by the ArcGIS Extension
package Geostatistical Analyst. Furthermore, GME tools for Ar-
cGIS from [Geospatial Modelling Environment, 2010] were used
for the assessment analyses. Due to ArcGIS software limitations,
different subsets with randomly selected positions were created for
the presented analyses of the navigation function performance. A
digital map of the Copenhagen road network was used as a geo-
graphical reference for the analyses3.
When possible, the analysis results were compared to relevant re-
search in order to enhance any differences or improvements from
previous results.
5.3 Technical Challenges
During the experiment, different technical problems occurred caus-
ing both loss of position information and invalid data. In this
section, some of these technical challenges are described.
3All digital road maps used in relation to this thesis are based on KRAK
kdv geodatabase (www.krak.dk).
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5.3.1 Installation Errors
During the experiment, all installation and maintenance tasks of
the OBUs were managed by DK Mobil Center and Siemens. The
OBUs were mounted in the lowest right side of the vehicle’s wind-
shield and attached to the window either by tape or by four suction
disks. Furthermore, the OBU’s power cables were connected to the
vehicle’s power supply.
OBUs are normally placed in the lower part of the windshield
to avoid the metal film some vehicles have as sun screen in the
topmost part of the window glass as experience show that this
may disturb signal reception [Nielsen and Wu¨rtz, 2003]. However,
during the installation phase it was found that for some newer
types of vehicles, this placement was not possible due to design of
the airbag release areas. In four of the vehicles (taxies), the OBUs
were instead mounted in the back window in order to avoid any
risks regarding the safety of passengers. This placement of OBUs
did not result in any technical errors.
For some vehicles, the OBU came loose from the window and dan-
gled from the windshield (only held by the power cables) or was
put down on the floor in front of the passenger seat until an new
appointment was made with the installation staff. During this pe-
riod, the GPS receiver installed in the OBU might not have logged
any position data or logged incorrect positions due to the limited
sky visibility. These types of errors may have caused several miss-
ing position logs and inaccurate positions in the data set resulting
in invalid trip information.
Another problem was that several OBUs switched on and off spo-
radically when the vehicles were parked. The OBUs were designed
to turn on and off along with the vehicle engine, but in several
cases OBUs turned on without the engine started, resulting in
many trip registrations in the data set with zero mileage. Further-
more, several participants noticed that their OBU often turned on
and off during their driving and sometimes had breakdowns for
several hours or days and was thereby off during whole trip du-
rations. These types of OBU errors have resulted in unregistered
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trips and invalid trip information regarding duration and mileage
as both small and large data parts are missing for the off-periods.
5.3.2 Communication Errors
The logged data from the OBUs were transmitted to a back-office
system approximately every 30 minutes by GSM/GPRS communi-
cation provided by TDC. These SIM-cards were integrated in the
OBU and the communication worked well during the experiment.
One important factor is that these SIM-cards were delivered un-
locked (without PIN-code) and open during the whole experiment
duration (expiration date). As the duration of the experiment
was extended due to delay of OBU delivery and installations, the
corresponding extension of the SIM-cards was however forgotten,
which resulted in loss of trip information until re-opened. After
re-opening of the SIM-cards, several OBUs were not able to auto-
matically start sending data again.
Another communication problem during the experiment was caused
by text messages (SMS). As the Danish and Swedish GSM net-
works are very close to each other, the integrated mobile commu-
nication in the OBUs sometimes changed network when driving
along the coast. When changing network between countries, users
typically receive a text message welcoming them with information
on communication costs. The OBUs were not prepared for these
text messages and were therefore out of order until the OBU soft-
ware got updated, which hence resulted in unregistered trips.
5.3.3 Data Overload
The experiment was designed to gather all transmitted vehicle data
on a back-office server. However, handling these large amounts of
continuously incoming data are a technical challenge and at one
point during the experiment the back-office server had a break-
down due to data overload.
Whenever OBUs were not able to transmit any data due to differ-
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ent reasons, all logged data is kept locally in the OBUs until their
memory limit was reached. Consequently, no more data could be
logged due to data overload until the server was repaired.
These types of errors have consequently resulted in missing trip
registrations.
5.3.4 Data Processing Errors
The participants had a web account by which they could log in and
have a look at their trip information. In road charging systems this
function is important for the road users as it enables the possibility
of continuous trip verification and thereby helps to ensure the road
users’ trust in the system. During the experiment, this service
was not always available due to the server problems mentioned
above and sometimes delayed due to management of the large data
amounts.
For the research presented in this thesis, data was delivered as
text files. In these files, it was found that several trips had double
identical records and in other cases, multiple trips were registered
as one. Furthermore, not all trip IDs were unique in the data set.
These types of errors may have been caused by installation or
communication errors or may be data processing errors originated
from the database.
5.4 Other Challenges
During the experiment, different challenges occurred which are im-
portant to consider when implementing GNSS-based road charging
systems or setting up GNSS-based trials. In this section, some of
these challenges are described.
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5.4.1 Getting Permissions
In Denmark, dispensable objects in the vehicle windshield are not
allowed. Therefore it was necessary to get permission from au-
thorities prior to installation of the OBUs. A letter of application
was send to the local police office which later on was declined
as the local police did not have the required authority to grant
the permission. The Danish Road Safety and Transport Agency
granted the permission to install OBUs for research purpose in the
40 vehicles.
In 2000, the Act on Processing of Personal Data entered into force
in Denmark. This act ensures the protection of individuals with
regard to the processing of personal data and on the free move-
ment of such data. The Danish Data Protection Agency exercises
surveillance over processing of data to which the act applies (refer
to [The Danish Data Protection Agency]). Therefore an enquiry
was made to The Danish Data Protection Agency to make cer-
tain that all processing of personal data was in accordance with
the applicable rules. For this experiment, a document was com-
posed in which each participant approved (by signature) the use
of his/hers personal data for research purposes. Signatures were
required from all participants.
5.4.2 Recruiting Participants
Recruiting participants for an experiment or trial is not an easy
task. It is therefore important to be aware of the efforts needed in
order to get the required number of participants within a specific
deadline. Finding the 40 participants for this experiment meant
sending requests to more than 500 people using friends, family and
network connections. No monetary gains were given to the par-
ticipants, so it was important to keep them motivated during the
experiment and especially during delays and technical problems.
Many participants were concerned about the OBU installation and
possible interference with the vehicle electronics. One participant
had to withdraw his participation as his new car would loose its
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guarantee if any electronic devices were installed by unauthorized
car dealer garages. Other concerns included safety of passengers in
case of accidents and vehicle damage due to theft of the OBU. In
Denmark, it is namely the participant’s own insurance that shall
cover these damage costs, but luckily no damage happened during
the experiment.
5.5 Data Reliability Assessment
In the following section, an assessment of the data reliability is
presented. Data reliability in this thesis, defines when data are suf-
ficiently complete and error free to be convincing for road charging
purpose and context. This does not mean that data are completely
error free, but that the errors found are within a tolerable range
in relation to ensuring a fair charge. According to [Morgan and
Waring, 2004], data are considered reliable when they are:
Complete: data include all of the data elements and records
needed for the purpose.
Accurate: data are consistent, clear and well-defined and reflect
the source correctly.
Unaltered: data reflect the source and have not been tampered
with.
It is important to assess the data reliability as the registered ve-
hicle location determination data forms the basis for the charge
construction function (refer to Figure 4.1 on page 85). Due to the
different technical problems during the experiment, several data
errors exists within the data set both in terms of missing position
information and invalid trip information. As these data errors may
affect the determination of distance driven in continuous charg-
ing schemes, it is therefore important to assess and understand
the error occurrences and effects in relation to GNSS-based road
charging systems.
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The data reliability in this experiment is affected by two overall
causes:
• Data invalidity
• Data deficiency
5.5.1 Data Invalidity
In this thesis, data invalidity refers to all types of data with invalid
information for whatever reason. According to [Morgan and War-
ing, 2004], data validity refers to whether data actually represent
what you think is being measured.
During the experiment several OBUs turned off and on sporadi-
cally when the vehicle was parked, which have resulted in 78 %
invalid registered trips for which the trip mileage is zero. When-
ever the OBUs turned on, trips were registered with zero mileage,
but still with durations since the GNSS receivers had logged po-
sitions with very low speed. All 40 OBUs in the experiment were
affected by this type of data invalidity, but some worse than others.
In the data set, approximately 22 % trips exist with a duration >
0 and a trip mileage > 0.
Figure 5.4 illustrates such an example of invalid trip information.
The trip illustrated has no mileage, but the OBU has logged 94,390
GPS positions within a radius of 30–50 meters. The average speed
for the illustrated example is 0.093 km/h. The problem related to
this type of data invalidity is the amount of incorrect and useless
data being transmitted, stored and processed within the system
and taking up the system resources. In this illustrated case, almost
100,000 data records exist with a duration of more than 24 hours
for a trip that has not been driven.
In general, the on/off switching OBUs have resulted in many trips
with short durations and short distances. As the OBUs switched
on/off during driving, these short trips do not represent the truth.
Figure 5.5 illustrates the cumulative frequency of trips within dif-
ferent duration intervals. The result shows that approximately 78
% of the trips have a duration less than 1 minute. Furthermore,
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Figure 5.4: Example of Invalid Trip with Zero Mileage.
the data set contains trips with zero duration. In these cases, the
GPS has logged positions, but within the exact same timestamp,
resulting in zero trip duration. Correspondingly, most of these
trips have zero mileage, but the problem becomes crucial for those
incorrectly registered trips that have a registered mileage which
can possibly result in a charge if not taken further into considera-
tion.
The figure also illustrates that several large trip durations (> 1
day) exist in the data set, which are due to data invalidity because
of incorrectly registered trips or data processing faults. Compared
to trip durations for Copenhagen based on acknowledged data from
the Danish National Travel (TU) Survey [2006–2010, DTU Trans-
port] given in Figure 5.6, the trip durations during this experiment
differs significantly. The TU survey only registers trips with dura-
tion of 1 minute and up till 24 hours. The average trip duration
for vehicles in Copenhagen is 18.9 minutes. Both data sets have
approximately 90 % trip durations less than 1 hour, but the many
trips with durations less than one minute are not representative;
and are due to the technical problems mentioned above.
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Figure 5.5: Cumulative Frequency of Trip Durations.
Figure 5.6: Cumulative Frequency of Trip Durations for Copenhagen
based on the Danish National Travel Survey.
5.5 Data Reliability Assessment 145
Figure 5.7 illustrates the distribution of trip mileage4 within the
data set. The results demonstrate that the majority of trips have
zero milage (152,000 trips) and illustrate a large number of short
trip distances in general. In addition, 1,882 trips had trip mileage
of more than 20 kilometers. The many short trip distances (and
durations) in the data set are a consequence of the on/off switching
OBUs. However, it should be noticed that both taxi and parking
attendant driving also resulted in many short trips due to the many
stops.
Figure 5.7: Distribution of Trip Mileage.
Another example of data invalidity in the data set is incorrect
mileage and duration registrations due to several trips being regis-
tered as one. The registration may possible be due to configuration
errors in the system set-up or caused by data processing errors in
back-office. The problems related to this type of error is the dif-
ficulty in separating trips for the charging process. Depending on
the system design, these incorrectly registered trips may result in
incorrect charging and affect the road users’ trust.
Overlapping trips is another challenge within the data set. Over-
lapping trips refer to two or more trips registered for the same
4Based on the OBUs trip mileage determination.
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vehicle within the same time period. This is obviously incorrect
and may be due to data processing errors resulting in invalid regis-
tered date, time or ID information. Examples of overlapping trips
are illustrated in Figure 5.8 and supported by trip information in
Table 5.4.
Figure 5.8: Examples of Overlapping Trips.
OBU No. Trip Start Time End Time
22 Trip A1 12-03-2008 09:18:58 12-03-2008 10:18:57
22 Trip A2 12-03-2008 09:31:44 12-03-2008 10:00:28
22 Trip B1 17-03-2008 09:13:08 17-03-2008 10:17:56
22 Trip B2 17-03-2008 09:30:49 17-03-2008 10:49:37
Table 5.3: Examples of Overlapping Trips.
The examples illustrate two sets (A and B) of overlapping trips
driven by the same vehicle. In both cases, the trips have large
gaps of approximately 1 hour during the tips.
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Looking more detailed on Trip A1 (refer to Figure 5.9), the data
indicate that invalid time information exists. Trip A1 starts (at
9:18:58) in the bottom point of the figure and continues up north
along the green points (until 9:20:22). Suddenly, the GPS points
jumps (along the red line) to the upper east point (at 10:14:13)
and continues south along the purple points, whereafter the trip
ends (at 10:18:57) in the same place as the starting point.
Figure 5.9: Trip A1.
From the trip and spatial information illustrated, it seems that the
time information in the first (green) part of the trip is registered
an hour too early. If the time information in this case is changed
from 9 to 10, the trip would be continuous with first the purple part
(from 10:14:13 to 10:18:57) and next the green part (from 10:18:58
to 10:20:22). This type of time information failure is probably due
to some kind of data processing faults.
The problem related to these overlapping trips is the challenges
regarding the road charging process and trip documentation. Ob-
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viously, the vehicle must not be charged for two or more trips
within the same time period, but the problem is how to identify
which trip to charge for and how to document which trip is valid.
All vehicles have instances of overlapping trips (refer to Figure
5.10), some worse that others, but approximately 2 % on average.
In total, overlapping trips occur 0.9 % in the data set.
Figure 5.10: Overlapping Trips per OBU in Percent of Total Number
of Trips.
In the original data set, many trips had double registered positions
measurements. Double registrations mean that the exact same
data record existed twice in data. These double registrations were
found both for whole trips and in parts of trips. This type of
errors may be due to data processing in the back-office system
or configurations problems. In relation to road charging, these
double registrations do not affect the determination of distance
driven, but may affect the charging process in terms of memory,
capacity or speed. The double registrations can be removed from
data before the charge construction for instance by use of filtering
techniques.
The overall concern regarding the different data invalidity prob-
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lems listed in this section is the problems they may cause resulting
in incorrect charges, user complaints and data storage problems.
The challenge is therefore to consider the handling of these cases,
so that automated data processing can replace manual correction
work.
The examples of data invalidity errors in the data set are summa-
rized in Table 5.4.
5.5.2 Data Deficiency
In this thesis, data deficiency refers to all types of missing informa-
tion (gaps) in the data set for whatever reason. Table 5.1 shows
that only approximately 53 % of the total travel time is logged
and represented in data. The reasons for this incomplete data are
many. Some of these percentages are the consequence of multiple
trips mistakenly being registered as one, which incorrectly indi-
cates large durations of missing data in between trips. Another
reason is the OBUs sporadically turning off/on during driving,
resulting in loss of data records within trips. In general, GNSS-
based data are linked with outages in the positioning data due to
different well-known error sources present in especially urban areas
(refer to Chapter 4).
In this research gaps are defined as any non-logged position in-
formation regardless of its duration. For this data set, a total of
1,242,217 gaps are found with a total duration of 11,717 hours.
All 40 OBUs have gaps in their position information, some OBUs
worse that others, summing up to 65 % of all trips (refer to Figure
5.11).
Figure 5.12 illustrates the distribution of gaps within different du-
ration intervals. The figure demonstrates that gap durations of
two seconds are most frequent in the data set and comprise ap-
proximately 90 % of all gaps. It also illustrates that very large gap
durations of several days and weeks exists, but these are rare in
the data set and make up for a very small percentage (0.3 %) of
the total number of gaps.
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Figure 5.11: Gaps Occurrences per OBU.
Figure 5.12: Distribution of Gap Durations.
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Figure 5.13: Gap Durations as Percent of Total Time Travelled.
The data deficiency in this experiment results in approximately
47 % missing information. The cumulative frequency of the gap
durations in percent of the total time travelled is given in Figure
5.13. The figure illustrates that the very large gap durations, even
though they are rare, constitute a high percentage of the total
time travelled. For instance, gap durations larger than one month
constitute approximately 26 % of the total time travelled, but
only occur three times in the data set. These large gap durations
are due to the technical problems mentioned previously, which
contribute to a the high level of data deficiency.
The minor gap durations (< 10 min) are more frequent in the data
set, but only comprise 4.5 % of the total time travelled. These mi-
nor gap durations are apparently caused by the GNSS receiver
being unable to estimate positions due to lack of visible satellites.
Figure 5.14 illustrates the cumulative frequency of small gap dura-
tions (< 1 min) in percent of the total number of gaps. The figure
shows that 99 % of all gaps are within 25 seconds.
In Figure 5.15 the frequency of total number of gap occurrences
per trip is given. The figure illustrates that while approximately
35 % of all the trips have zero gaps, the majority of trips have
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Figure 5.14: Cumulative Frequency of Gap Durations less than 1
Minute.
more that one gap occurrence. In this data set, 50 % of all trips
have gap occurrences between 1-5 times. Furthermore, the figure
shows that approximately 90 % of all trips have zero or less than
10 gaps per trip.
As several gaps can occur per trip, the cumulative frequency of the
total gap duration sum per trip is illustrated in Figure 5.16. The
figure illustrates that approximately 43% of all trips have a total
gap duration sum between 2-5 seconds. Furthermore, it shows that
the gap durations for approximately 90 % of all trips sums up to
less than 30 seconds per trip.
The distribution of gap durations as percent of total time traveled
per vehicle is illustrated in Figure 5.17. The figure illustrates a
difference in gap durations between the vehicles, which indicates
that some OBUs worked better than others. Furthermore, the
figure shows that the gap duration for the best OBUs constituted
less than 10 % of the total time traveled, while it constituted more
than 70 % for the worst OBUs. Summarized for each vehicle,
the duration of gaps constitutes in average 31% of the total time
traveled.
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Figure 5.15: Total Number of Gap Occurrences per Trip.
Figure 5.16: Gap Duration Sums per Trip.
154 Technical Road Charging Experiment
Figure 5.17: Gap Duration per Vehicle.
Figure 5.18–5.21 illustrates the spatial distribution of all the oc-
curred gaps during the experiment, whatever the cause. The result
shows that gap durations of more than 60 seconds are clustered in
the densest parts of Copenhagen. The smallest gap durations (<
1 min) have occurred in most parts of Copenhagen. Furthermore
the results show that several large gap durations of more than one
day have occurred in the same place in central Copenhagen, which
is the parking area for the corporate vehicles from Parking Copen-
hagen. These large gap durations are due to technical problems
during installation.
Within continuous road charging schemes, these different gaps re-
duce the possibility of charging road users correctly for their road
usage. While minor gaps individually may be negligible in relation
to determination of the distance driven, they occur very frequently
and can therefore affect the charge construction. On the other
hand, large gaps occur rarely but can have a huge impact on the
distance determination in the charging process.
The examples of data deficiency errors in the data set are summa-
rized in Table 5.4.
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Figure 5.18: Gaps ≤ 10 seconds.
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Figure 5.19: Gaps ≥ 11 and ≤ 300 seconds.
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Figure 5.20: Gaps > 5 min and < 1 hour.
158 Technical Road Charging Experiment
Figure 5.21: Gaps > 1 hour.
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5.5.3 Discussion on Data Reliability
In this section, the data reliability has been assessed in relation
to being complete, accurate and unaltered for the purpose of road
charging. Data reliability is important for any findings and con-
clusions based on collected road charging data, in order to ensure
fair charging in road charging systems.
Due to technical problems during the experiment, the results from
this assessment showed that the data reliability in this research
was affected by to overall causes: invalidity and deficiency.
The data invalidity was mainly due to the on/off switching of the
OBUs, which for many trips resulted in invalid data that do not
represent the intended measurements. But also configurations and
installation problems resulted in incorrectly registered data. The
results showed that the invalidity problems are important to con-
sider in the design of a road charging system as the problems may
result in incorrect charges, user complaints and data memory and
capacity problems. The challenge is therefore to prevent the tech-
nical problems and consider the handling of these data invalidity
cases, so that automated data processing can replace manual cor-
rection work.
The data reliability assessment showed a high level of data defi-
ciency (47 %) in the data set. This high level is caused by a ma-
jority of minor gap durations and several very large gap durations
presumably caused by GPS outages and configurations problems
respectively. The data deficiency in this experiment resulted in
approximately 47 % missing positioning information. The results
showed that all 40 vehicles suffer from data deficiency although the
level of data deficiency differs between the OBUs. This indicates
the challenges of providing the same level of reliability for all road
users although the OBUs are from the same production, produced
by the same manufacturer. On average, the data deficiency per
OBU is 31 %.
The frequency of data reliability problems in the data set are sum-
marized in Table 5.4.
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Error type Frequency
Trip with no duration Less frequent
Trip with no mileage Very frequent
Double registered positions measurements Frequent
Multiple registered trips as one Frequent
Large gap durations (> 1 day) in trips Less frequent
Gap durations (< 1 hour) in trips Frequent
Minor gap durations (< 1 min) in trips Very frequent
Short trip durations (< 10 min) Very frequent
Large trip durations (>1 week) Less frequent
Overlapping trips Less frequent
Gaps in positioning Very frequent
Table 5.4: Frequency of Different Error Types in Data.
Based on the presented results, data are found to be unreliable in
its existing form for road charging purpose. The data include both
inaccurate and incomplete data information, which can have severe
impact on the road charging system performance. With these high
levels of data invalidity and data deficiency, data can not be used
in its current form as the basis for a road charging process. The
results highlight the importance of a data processing functionality
prior to the road charge calculation and usage determination.
Consequently, it is important to assess and understand the char-
acteristics of the errors influencing the data reliability. In the
following chapter, an assessment of the vehicle location determi-
nation function performance is conducted in order to determine
this function’s error contributions to the data reliability in GNSS-
based road charging systems.
5.6 Summary
This chapter has presented the design and execution of the tech-
nical road charging experiment conducted in Copenhagen as part
of this PhD research. There are several findings from this chapter.
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Firstly, the chapter has provided a description of the technical and
practical challenges and experiences during the experiment, which
can provide valuable input for future GNSS-based trials or sys-
tems. Next, a data reliability assessment was performed on the
collected data set to verify if data was sufficiently complete and
error free to be convincing for road charging purpose and context.
The data reliability was based on an assessment methodology de-
veloped for this thesis. Based on the presented results, data was
found to be unreliable in its in existing form for road charging
purpose. The data included both inaccurate and incomplete data
information, which can have severe impact on the road charging
system performance. Furthermore, the results highlighted the im-
portance of a data processing functionality prior to the road charge
calculation and usage determination.
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Chapter 6
Performance Assessment
of Vehicle Location
Determination
This Chapter presents a performance assessment of the vehicle lo-
cation determination function for GNSS-based road charging sys-
tems. Based on experimental work carried out in Copenhagen, this
chapter provides different analyses of the vehicle location determi-
nation function based on both existing and new methodologies.
In the literature, the use of GNSS to determine continuous vehicle
locations has been linked with questions on positioning perfor-
mance for both road charging systems and other ITS applications.
As the data reliability assessment in the previous chapter showed
a high level of data deficiency, this chapter analyses the vehicle
location determination function in order to assess the GNSS posi-
tioning function’s contribution to the data deficiency.
First, the satellite availability in Copenhagen is analysed to assess
if the prerequisites for GNSS-based road charging are meet. The
satellite availability in Copenhagen is analyzed and compared to
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previous research. Next, the GPS positioning performance is as-
sessed based on the required navigation performance parameters
for land applications. In here, the main focus is kept on the posi-
tioning continuity which to the author’s knowledge is not treated
in existing literature. The positioning continuity is particulary
important in relation to continuous road charging schemes as the
charge is determined on the basis of continuous location determi-
nation. Therefore, also the Time To First Fix is considered as one
of the main concerns regarding the use of GNSS for road charging
systems. This chapter provides a thorough analysis of both the
Time To First Fix and the corresponding Distance To First Fix to
assess whether in fact these parameters comprise a severe problem.
The results of these assessments are discussed at the end of each
section and summarized in an overall discussion of the vehicle lo-
cation determination performance at the end of the chapter.
6.1 Satellite Availability in Copenhagen
This section analyzes the overall satellite availability in Copen-
hagen. The satellite availability is an important prerequisite for
GNSS-based vehicle location determination, as the required mini-
mum number of satellites must be available to locate the vehicle’s
positions. This availability assessment addresses the subjects of
satellite visibility and positioning quality based on a random sub-
set of the position data. The methodology for the assessment
presented in this section is developed based on [Zabic, 2004].
The results from this assessment are compared with previous re-
search of satellite availability based on the AKTA experiment from
2003 (refer to section 4.5.6). The comparison is conducted to
re-evaluate the GPS performance in a Danish environment and
thereby assess the level of performance improvement obtainable
after five years. The analyses and results are presented in the
following sections.
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6.1.1 Satellite Visibility
In the first part of this study, the satellite visibility is analyzed
based on a randomly selected subset of data. The satellite visibility
statistics (assuming that all satellites are in good technical working
order) are shown in Figure 6.1.
Figure 6.1: Distribution of Visible Satellites in 2003 and 2008.
The results show a normal distribution of visible satellites in Copen-
hagen (2008) with a mean of 8.035. The complementary cumula-
tive distribution function illustrates that the availability of at least
four satellites needed for positioning is 99.5 % in the data set.
Compared with 2003, for which the distribution is right-skewed,
the results show that a higher number of visible satellites were
available for positioning in 2008. GPS positioning with less than
five satellites have, expressed in percents, decreased from 15.85 %
to 1.16 %. The availability of at least four satellites in 2003 was
approximately 95.5 %.
The mean values and percentiles of the distributions are given in
Figure 6.2. The results show that the mean value for the number
of visible satellites (SVs) has increased 27 % from 6.33 in 2003 to
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8.03 in 2008, while the deviation at the same time has lowered.
The statistics reveals a significant improvement in the satellite
visibility from 2003 to 2008. The HDOP figures are analyzed in
Section 6.1.2.
Figure 6.2: Mean Values and Percentiles for 2003 and 2008 [Zabic,
2009].
While the statistics indicate good satellite visibility in general, one
must remember that with road charging in mind, the problem cases
of GPS positioning have to be identified in order to provide a reli-
able charging system. The critical GPS positioning (i.e. positions
estimated with less than four satellites) is therefore illustrated in
Figure 6.3 on page 168 [Zabic, 2009]. The figure shows the spa-
tial distribution of satellite visibility in Copenhagen. Figure 6.3(b)
shows that only 0.16 % GPS positions in 2008 are estimated with
less than four satellites and these are clustered in the densest part
of Copenhagen. Previous research has demonstrated that the GPS
performance in Copenhagen depends on the density of the built-
up areas ([Nielsen and Wu¨rtz, 2003], [Zabic and Nielsen, 2006]).
Hence, the critical positioning areas in 2008 were also found in
the most closely built-up neighbourhoods of Copenhagen. Com-
pared with 2003 in Figure 6.3(a), the results indicate significant
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improvement in the satellite visibility during the five years from
2003 to 2008. In 2003, there was 4.46 % GPS positions that were
estimated with less than four satellites and these fixes occurred in
most of the Copenhagen city centre.
The satellite visibility assessment was also examined through a
proximity analysis to determine the relationship between GPS po-
sitions and the road elements [Zabic, 2006] to examine where the
GPS service is usable in the Copenhagen area. By identifying the
GPS variables within a 30 meters distance of every road in the
Copenhagen area, the average number of visible satellites was es-
timated per road segment. The result is illustrated in Figure 6.4
on page 169 and compared to AKTA data from 2003. The figure
illustrates the difference between the satellite visibility in Copen-
hagen for 2003 and 2008.
In 2003 (Figure 6.4(a)), GPS positions with an average between
three and four visible satellites were found in many streets in cen-
tral Copenhagen. The study based on AKTA data from 2003
showed that the signal fallouts were primarily found in smaller
sideroads. The AKTA analysis revealed that there were streets
in Copenhagen where GPS based road charging was not feasi-
ble because of insufficient satellite availability (refer to [Zabic and
Nielsen, 2006] for the full analysis).
In 2008 (Figure 6.4(b)), the satellite visibility had increased signif-
icantly. Most of the road network in Copenhagen has an average
number of visible satellites between six and seven satellites and
only very few roads have an average less than four visible satel-
lites. In addition, several more roads had a high average between
ten and twelve visible satellites in 2008 compared to 2003.
6.1.2 Receiver-Satellite Geometry
In the second part of this study, the positioning quality is ana-
lyzed. A sufficient number of visible satellites alone is not enough
for an acceptable position solution. A good receiver-satellite ge-
ometry is also important, and the dilution of precision (DOP) is an
easy mean for evaluating the geometry based on the satellite and
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receiver positions. In this research, the focus is on the horizon-
tal HDOP, since the quality of the horizontal position is of most
importance in connection with road charging systems.
Figure 6.5: Distribution of HDOP in 2003 and 2008.
Figure 6.6 illustrates the distribution of HDOP in 2003 and 2008.
The figure shows that the HDOP decreased from 2003 to 2008 and
that the frequency of lower HDOP values had increased signifi-
cantly. In 2008, approximately 93 % of the position measurements
had a HDOP value less than two, while only 75 % of the position
measurements had a HDOP value less than two in 2003. Figure 6.2
on page 166 shows a comparison of HDOP mean and percentiles
values for 2003 and 2008. During the five years, the HDOP mean
decreased 48 % from 1.98 in 2003 to 1.34 in 2008 and the deviation
in 2008 was significantly lower.
The spatial distribution of HDOP is illustrated in Figure 6.6 on
page 172. The results show that the horizontal position quality
in 2008 (Figure 6.6(b)) had improved for the majority part of the
Copenhagen area. The HDOP values greater than two were clus-
tered in the city centre. In 2003 (Figure 6.6(a)), several more high
HDOP values existed. The HDOP values greater than two were
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very disperse throughout the whole Copenhagen area.
In 2005, a Galileo Simulator was developed to simulate the an-
ticipated satellite visibility and positioning quality in Copenhagen
with the upcoming Galileo system (refer to [Jensen et al., 2005]).
For a small part of downtown Copenhagen, the average HDOP was
estimated derived from a proximity analysis with ArcGIS based on
AKTA data from 2003. For the same part of Copenhagen, a prox-
imity analysis has been conducted with 2008 data, to reassess the
horizontal position quality. The HDOP comparison is illustrated
in Figure 6.7 on page 173. The scaling was based on own experi-
ence with GPS positioning, as the position accuracy generally is
good when the HDOP is lower than two. Theoretically, according
to [Misra and Enge, 2006], the 99 % percentile of the HDOP is 1.6
considering the full GPS constellation on a global basis, and no
obstructions.
The results show that the average HDOP in 2008 is less than two
for a great part of the downtown area. No roads in the downtown
area have an average HDOP above three. In 2003, the situation
was different with several roads which had an average HDOP value
above three. The results show a major improvement in the posi-
tioning quality and hence computation accuracy, which is impor-
tant for the charging accuracy of a road charging system.
6.1.3 Discussion on Satellite Availability
The GPS availability in Copenhagen has been analyzed in this
section based on satellite visibility and positioning quality. The
satellite availability is an important prerequisite for GNSS-based
vehicle location determination, as the required minimum number
of satellites must be available to locate the vehicle’s positions.
The results of this assessment show that the satellite visibility has
improved significantly in Copenhagen. The mean for the number
of visible satellites increased by 27 %, while the deviation at the
same time has lowered. Furthermore, GPS positioning with less
than five satellites decreased from 15.9 % to 1.7 %. During the
five years, the HDOP mean decreased by 48% from 1.98 in 2003 to
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1.34 in 2008 and the deviation in 2008 is significantly lower. The
HDOP in 2008 is less than two in 91 %.
The results show a major improvement in the positioning quality
and hence computation accuracy, which is important for the charg-
ing accuracy of a road charging system. Based on comparisons
with results from previous trials in Copenhagen, the assessment
results indicate improved GPS availability in 2008. Due to im-
proved receiver technologies and an ongoing modernization of the
GPS system, a better satellite visibility and positioning quality is
obtained in 2008. In addition, the number of active broadcasting
GPS satellites increased from 28 satellites in 2003 to 31 in 2008
[NGA GPS Division, 2010].
Compared with the previous results from 2003, the analyses show
that major improvements in the satellite availability have hap-
pened during the five years from 2003 to 2008 and that the prereq-
uisites for GNSS-based vehicle location determination in Copen-
hagen were present in 2008.
The satellite visibility results have exposed some important char-
acteristics, which can be considered in the process of designing a
road charging system in Copenhagen. Although the satellite visi-
bility in Copenhagen has improved significantly, the results show
that there are still streets in the city centre where the satellite
visibility will be limited. Hence, the spatial study of the satellite
availability will provide useful information for the design of aug-
mentations to the primary positioning system in the Copenhagen
environment.
6.2 Assessment of Required Navigation Per-
formance
In this section, the GNSS performance is assessed on the basis of
the required navigation performance (RNP) parameters for land
applications (refer to section 4). The performance assessment pre-
sented in this section addresses the subjects of positioning avail-
ability, accuracy, integrity and continuity.
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In this section, the main focus is kept on the positioning conti-
nuity which to the author’s knowledge is not treated in existing
literature. The positioning continuity is particulary important in
relation to continuous road charging schemes as the charge is de-
termined on the basis of continuous location determination. Due
to the high level of data invalidity, a subset of valid trip data are
selected for the following analyses. The subset consists of 1,000
random selected trips for which duration and mileage is greater
than zero; and the average speed for each trip is greater than 5
km/h. The subset represents all OBUs during the entire measure-
ment period. The subset characteristics are given in Table 6.1.
Data subset: 1,000 trips
Total number of trips 1,000
Number of vehicles 40
Measurements period 07-11-2007 to 29-10-2008
Total number of GPS positions 802,257
Total distance travelled 6,134 km
Total time travelled 268 hours
Total time logged 222 hours
Table 6.1: Data Characteristics for the Subset.
The spatial coverage of the position measurements and the oc-
curred gaps for the 1,000 trips data set is illustrated in Figure 6.8.
The spatial distribution is layered with the gaps layer on top.
The analyses and results are presented in the following sections.
6.2.1 Positioning Availability
Positioning service availability describes the percentage of time the
GNSS service is available for use, without outages, whatever the
cause (refer to section 4.3.4).
According to [Ochieng et al., 2003a], the availability of positioning
measurements is expressed by satellite availability as a percentage
of the mission duration (e.g. total time travelled). As the GPS
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Figure 6.8: Coverage of 1,000 Trips and Gaps.
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receiver, in this experiment, is integrated in the OBU, the unavail-
ability of the positioning service during the total time travelled
also has other non-GNSS related causes as seen from the data
reliability assessment. The results from this assessment of posi-
tioning service availability are therefore supported by the results
from the overall assessment of satellite visibility in the previous
section. The satellite availability is assessed as percentage of the
trip durations based on the subset consisting of 1,000 trips. The
result is illustrated in Figure 6.9.
Figure 6.9: Satellite Availability as Percent of Total Time Travelled.
The result shows that the availability of a least four satellites is
approximately 82.5 % during the total time travelled. While the
required four satellites in general are visible in 99 % (refer to Fig-
ure 6.1 on page 165), they are only used for positioning in 82.5 %
of the time travelled. The positioning service unavailability is 17.5
% which is due to a combination of both satellite unavailability
and the technical problems mentioned in the previous chapters.
The analyses of satellite availability carried out in London [Ochieng
et al., 2003a], showed a satellite availability of approximately 60 %
with a geodetic GPS receiver. Compared with these results from
2002, the satellite availability in Copenhagen is nearly 38 % better.
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This is again due to the improved receiver technologies and mod-
ernization of the GPS system over the years, but also geographical
differences between the cities. The density of buildings and urban
canyon effect is lower in Copenhagen.
In this research, the following parameter for assessment of the
positioning availability has been computed:
Positioning Ratio is the ratio of the number of positions logged
during a trip to the total duration of the trip expressed as a
percentage.
The Positioning Ratio for the 1,000 trips data set is illustrated in
Figure 6.10. The ratio demonstrates the correlation between the
logged positioning and the total trip duration.
Figure 6.10: Positioning Ratio.
The figure illustrates the frequency of different ratio intervals. The
results show that for 59 % of the trips the positions logged during a
trip constitute between 96–100 % of the total trip duration. From
the cumulative frequency the results show that in approximately
16 % of the 1,000 trips, the positioning ratio is less than 90 %.
In other words, 84% of the trips have a positioning availability of
more than 90 %. The average positioning availability per trip is
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92.4 %.
These positioning ratios are important for the design of a GNSS-
based continuous charging scheme as they indicate how well each
trip have been logged during the experiment. The positioning
ratio forms the basis of the usage determination and hence the
road charge computation.
6.2.2 Integrity
Integrity is the key liability parameter that relates to the trust that
can be placed in the correctness of the information provided by a
positioning system [Ochieng and Sauer, 2002]. Determining the
level of trust requires redundant measurements. Hence to detect a
fault, at least five measurements are required (3D positioning and
time determination), and to isolate and exclude a fault, at least
six measurements are required.
Considering this basic requirement for integrity for failure detec-
tion, the satellite availability figure is 81.1 %.The cumulative fre-
quency of the satellite availability during the total time travelled
is given in Figure 6.11. The figure illustrates the availability of re-
dundant measurements from more than four satellites. The avail-
ability to isolate and exclude a fault is hence 77.3 %.
Compared to the London experiment in [Ochieng et al., 2003a], for
which the availability of at least five satellites for integrity purposes
was only 42.5 %, the integrity level in Copenhagen is significantly
better.
The integrity results show that the potential of detecting faults
based on redundant measurements is possible in approximately 81
% of the total time travelled, which is significantly better than
the results from London. This potential enables the possibility of
giving timely system warnings when vehicle location determination
faults are detected.
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Figure 6.11: Cumulative Frequency of Satellite Availability during To-
tal Time Travelled.
6.2.3 Accuracy
Accuracy describes the closeness of a measured position in relation
to the truth. Typically, when assessing the accuracy of kinematic
GPS, a high-accuracy receiver is used as a reference for the mea-
surements. In this experiment no reference receiver was available
to verify the truth. Alternatively, the positioning accuracy is as-
sessed by comparing the estimated positions with a digital map of
the Copenhagen road network, representing the truth (inspired by
[Ochieng and Sauer, 2002]). The digital map used as geographi-
cal reference for this assessment was provided by Krak. The road
centre lines in the digital map are digitized from orthophotos and
have an accuracy within seven meters [Krak, 2004]. This margin
error should be kept in mind when interpreting the results.
In order to assess the positioning accuracy in relation to the digi-
tal map, proximity analyses have been conducted. The proximity
analyses reveal the number of GPS positions within a given dis-
tance from the centre line of the road.
[Ochieng and Sauer, 2002] defines the following two parameters for
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assessment of the positioning accuracy:
Fix Density is the ratio of the number of positions meeting a
accuracy requirement to the total number of positions ex-
pressed as a percentage.
Total Outage is the total period of the total time travelled over
which the accuracy requirement was not achieved.
Note that this alternative methodology is used as a general es-
timate of the positioning accuracy, as the methodology does not
consider the trip routes. Positions outliers may therefore be clas-
sified as meeting the accuracy requirement another place in the
map. Table 6.2 summarizes the fix densities and total outage val-
ues for the six accuracy bands of 5, 10, 20, 30, 50, 100, 250 and
500 meters.
Accuracy Level Fix Density Total Outage
5 m 57.95 % 51.95 %
10 m 84.04 % 30.32 %
20 m 94.73 % 21.46 %
30 m 96.63 % 19.88 %
50 m 98.11 % 18.65 %
100 m 99.85 % 17.21 %
250 m 99.96 % 17.12 %
500 m 100 % 17.09 %
Table 6.2: Fix Densities within Accuracy Levels.
The results show, the fix densities within accuracy levels as per-
centage of the total time travelled. For the 5 m level, the fix density
is approximately 58 % and for the 100 m level the corresponding
figure is 99.85 %. The position fix differences between these two
levels are illustrated in Figure 6.12. Furthermore, the results show
that the total outage is 51.95 % for 5 m accuracy level (equivalent
to 140 hours travel time). For the 100 m accuracy level, the corre-
sponding figure is 17.21 % meaning that nearly 18 % of the total
time travelled the GPS positions are more than 100 meters away
from the road centre lines. Furthermore the results demonstrate
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that while all the logged GPS positions are within 500 m accuracy,
the total outage is approximately 17 % due to the positioning un-
availability.
Compared to the London results (in [Ochieng and Sauer, 2002]),
where the fix density within the 5 m and 20 m accuracy level was
42 % and 99 % respectively, the fix densities in Copenhagen are
reasonable. The fix density is higher for the 5 m band, but lower
for the 20 m band. It is important to keep in mind that only
one route was tested in the London experiment. The total outage
values in London, were 83 % and 63 % for the 5 m and 20 m band,
which indicates a better performance in Copenhagen as the total
outage percentages are significantly lower.
The results for Copenhagen show that the required navigation per-
formance for accuracy is partly meet as the computed positions are
within 30 meters of the truth in 95 % of the time [Zabic, 2011a].
However, the additional requirement of the computed positions
being within 100 meters in 99.9 % of the time is not meet, al-
though it is very close. As earlier mentioned, these figures should
be interpreted carefully as the trip routes and road dimensions are
not considered. This might affect the results to be more positive
than in reality while GPS points which are related to small private
roads that do not exists in the road network, will fall within a lower
accuracy level (> 100 m) and affect the results more negatively.
Figure 6.13 illustrates this example of GPS inaccuracies affecting
the results more positively while the map on the same time affects
the results more negatively as not all minor roads are represented
in the digital road map. This however only concerns a very small
percentage of the data set, and since these incorrect effects oppose
each other, the results presented should be trustworthy.
6.2.4 Continuity
Continuity measures the ability of the positioning system to per-
form its function without interruption, during an intended period
of operation. In this section, a methodology for assessing the con-
tinuity based on the collected OBU data is developed. To assess
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Figure 6.12: Fix Densities for 5 m and 100 m Accuracy Levels.
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Figure 6.13: Proximity Analysis Examples.
the continuity of the positioning function, all interruptions must
be identified. As earlier mentioned, it is important to keep in mind
that positioning interruptions in integrated OBU equipment may
have other causes than positioning unavailability.
For the 1,000 trips, all interruptions (gaps) have been identified
and the frequency of gaps per trip is determined and illustrated in
Figure 6.14.
The result shows that for 98.5 % of the 1,000 trips, interruptions
occurred in the vehicle location determination. For approximately
90 % of the trips, interruptions occurred up to 50 times per trip.
In 29 % of these, gaps occurred 1-5 times per trip, and in 18 %
and 29 % gaps occurred 6-10 times and 11-25 times respectively.
Furthermore, the results show that one trip had more than 500
interruptions. When interpreting these results, it is important to
remember that the 1,000 trips data set is selected with a higher
level of data validity than in general as all trips have a trip dura-
tion, a mileage and an average speed > 5 km/h (refer to Section
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Figure 6.14: Gaps per Trip.
5.5). These 1,000 selected trips should thereby technically rep-
resent ordinary trips. The average number of gaps per trip is
approximately 22.
6.2.4.1 Gap Duration
The above demonstrated interruptions must be related to the du-
ration of the gaps. The general distribution of gap durations for
all trips was illustrated in Figure 5.12 on page 150. The average
gap duration for the 1,000 trips is approximately 9 seconds and
3.2 seconds excluding all outliers (gaps above 30 minutes).
For the research presented in this thesis, the following parameter
has been computed:
Gap Duration Ratio is the ratio of the sum of gap durations
in a trip to the total duration of the trip expressed as a
percentage.
The Gap Duration Ratio for the 1,000 trips data set is illustrated
in Figure 6.15. The ratio demonstrates the correlation between
the gap and trip duration. The figure illustrates the frequency of
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Figure 6.15: Gap Duration Ratio.
different ratio intervals. The results show that the gap durations in
90 % of the 1,000 trips constitute up to 50 % of the trip duration.
Around 42 % of these constitute less than 5 %. These figures are
important for the charging process as the results show that no
vehicle location determination exists in up to a great percentage
of the trip durations. The trips with gap duration ratios above
100 % are outliers due to the data invalidity mentioned in the data
reliability assessment (section 5.5). The average gap duration ratio
for the 1,000 trips excluding these outliers is 13.1 %.
In continuous road charging schemes, the duration of interruptions
in the vehicle location determination is important as especially
large gaps affect the charge construction. The maximum continu-
ous gap duration is therefore computed per trip.
Figure 6.16 illustrates the distribution of max. continuous gap
duration per trip. The results show that approximately 27 % of
the 1,000 trips have a max. continuous gap duration of only 2
seconds and that 90 % have a max. continuous gap duration of
60 seconds or less. The figure illustrates that no max. continuous
gap durations exist between 10–60 minutes and that 1.7 % of the
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Figure 6.16: Distribution of Maximum Gap Duration per Trip.
trips have a gap duration of more than 1 hour. Approximately 9
% have a max. continuous gap duration between 1–5 minutes and
only 0.4 % have the same between 5–10 minutes. These results
indicate that the max. continuous gap duration differs depending
on whether it was caused by satellite unavailability or configuration
faults in the system setup.
Eliminating these configuration faults (durations > 1 hour), the
maximum continuous gap duration for all the 1,000 trips is there-
fore to be found within the 5–10 minute duration interval and is
exactly 562 seconds or 9.37 minutes. In [Ochieng and Sauer, 2002],
the maximum continuous outage was found to be 4.7 minutes for a
trip driven in central London. The maximum continuous gap dura-
tion is an important figure for the design of augmentation systems
to support GNSS in the vehicle location determination when the
location determination is interrupted.
Figure 6.17 illustrates the spatial distribution of gap durations
for the Copenhagen area. The result shows that the majority of
gap durations for the Copenhagen ares is less than 10 seconds.
The gap durations up to one minute are clustered in the densest
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parts of Copenhagen. Furthermore the results show that few gap
durations of more than 600 seconds (10 min) exist. The large gap
durations up to one day are more dispersed in the Copenhagen
area, which indicates that these are hence not correlated to the
building density.
6.2.4.2 Gap Distance
The missing vehicle location determination affects the charging
process, as the driven distance during these interruptions can not
be determined based on collected data. It is for that reason impor-
tant to assess the gap distances as these are the distances which
the charge construction function have to estimate in order to de-
termine the distance driven. The gap distance is proportional to
the vehicle’s speed in the gap moment. The distribution of gap
distances within different distance intervals are given in Figure
6.18.
The figure illustrates that approximately 65 % of the gaps in the
1,000 trips are less than 10 meters. Nearly 18 % of those have a
zero gap distance. In addition, the figure shows that very large
gap distances exist in the data, but these constitute only 0.3 %
in total. 99 % of the gap distances are within 200 meters. The
average gap distance including all outliers is 899 meters and 15
meters for gap distances less than 5 kilometers.
For the research presented in this thesis, the following parameter
has been computed:
Gap Distance Ratio is the ratio of the sum of gap distances
in a trip to the total distance of the trip expressed as a
percentage.
The Gap Distance Ratio for the 1,000 trips data set is illustrated
in Figure 6.19. The ratio demonstrates the correlation between
the gap and trip distance. The figure illustrates the frequency of
different ratio intervals. The results show that in approximately
53 % of the trips, the gap distance constitutes between 1-5 % of
the trip mileage. In addition, the cumulative frequency demon-
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Figure 6.17: Spatial Distribution of Gap Durations.
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Figure 6.18: Distribution of Gap Distances.
strates that the gap distance for approximately 90 % of the trips
constitutes less than 30 % of the trip mileage. It is important to
keep in mind that the trip distances are based on the OBUs trip
mileage measurements. The average gap distance ratio excluding
outliers (> 100 %) is 10.7 %.
With these gap distances, there is a lack in the determination of
driven distance which forms the basis for usage determination and
charge computation. It is therefore important to determine the
maximum continuous gap distances per trip to identify the dis-
tances for which alternative distance determination must be pro-
vided. The maximum continuous gap distance is therefore com-
puted (as the crow flies) per trip. The frequency of different max-
imum continuous distance intervals are given in Figure 6.20.
The results show that the maximum gap distance in the majority
of the trips is between 20–40 meters. In addition, the cumulative
frequency demonstrates that the maximum distance for approxi-
mately 80 % of the trips is less than 80 meters and 90 % is less
than 200 meters. In other words, approximately 10 % of the trips
have a maximum continuous gap distance of more than 200 meters.
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Figure 6.19: Gap Distance Ratio.
Figure 6.20: Distribution of Maximum Continuous Gap Distances.
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Furthermore, the figure shows that large maximum continuous dis-
tances exist in the 1,000 trips data set. Gap distances of more than
6,000 kilometers are very rare in the data set (0.3 %) and are hence
considered as outliers in the data set. The maximum continuous
gap distance for all the 1,000 trips is found to be 6.63 kilometers.
Figure 6.21 illustrates the spatial distribution of gap distances for
the 1,000 trips data set. The result shows that the majority of
gap distances for the Copenhagen ares is less than 50 meters. The
gap distances up to 1,000 meters are partly clustered in the dens-
est parts of Copenhagen and on the main roads due to the higher
speed. These gap distances are also found in connection with tun-
nels and bridges in the Copenhagen area. Furthermore the results
show that few gap distances of more than 5 kilometers exist in the
data set.
The gap distance results are important for the design of the charge
construction function as the gap distances missing in the total trip
distances need to be estimated in order to charge the road users
correctly for their road usage.
6.2.5 Discussion on Navigation Performance
In this section, the GNSS navigation performance has been as-
sessed based on the required navigation performance parameters -
availability, accuracy, integrity and continuity.
The results of the positioning availability assessment showed that
the availability of the minimum required four satellites during the
total time travelled was approximately 82.5% in Copenhagen. The
positioning service unavailability was hence found to be 17.5 %.
Compared to similar results from London in 2002, the positioning
availability is nearly 38 % better in Copenhagen. From the po-
sitioning ratio, the results showed that approximately 84% of the
trips had a positioning availability of more than 90 %. The average
positioning availability per trip is 92.4 %. These positioning ratios
are important for the design of a GNSS-based continuous charg-
ing scheme as they indicate how well each trip have been logged
during the experiment.
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Figure 6.21: Spatial Distribution of Gap Distances.
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Considering this basic requirement for integrity for failure detec-
tion, the satellite availability figure was found to be approximately
81 %. This means that the navigation function’s ability to provide
warnings, when the navigation system can not be used for correct
positioning, was possible in 81 % of the total time travelled. The
need for providing warnings depends on the road charging system
design and may vary from scheme to scheme. Compared to the
integrity results from London in 2002, the results are significantly
better for Copenhagen in 2008.
The results of the accuracy assessment showed that the position
fix density for the 30 m accuracy level is 96.63 %. This means that
approximately 97 % of the position measurements were within 30
m from the road center line, which meets the RNP requirements
for liability-critical road transport applications. Furthermore, the
results show that the total outage is 19.88 % for the 30 m accuracy
level, meaning that in almost 20 % of the total time travelled the
GPS positions were more than 30 meters away from the road centre
lines. The fix density and total outage for the 100 m accuracy level
was 99.85 % and 17.21 % respectively. These results indicate that
if a GNSS-based road charging system based on payment zones is
implemented in Copenhagen, buffer zones of 100 meters on aver-
age would be necessary to ensure that the position measurements
are within the correct zone in 99 % of the cases. Compared to
the results from the TfL Trials in London [Evans et al., 2005] in
section 4.5.1, the corresponding figure was 60 meters on average.
However, when interpreting the results from the accuracy assess-
ment presented, it is important to keep in mind that a digital map
is representing the truth. In addition, the methodology does not
consider road widths or the route driven. However compared to
similar results from the London experiment in 2002 [Ochieng and
Sauer, 2002], the results from Copenhagen are significantly better.
The continuity results from this assessment showed that in 98.5
% of the 1,000 trips, interruptions occurred in the vehicle location
determination. For approximately 90 % of the trips, interruptions
occurred up to 50 times per trip. When interpreting these results,
it is important to remember that the 1,000 trips data set is selected
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with a higher level of data validity than in general as all trips have
a trip duration, a mileage and an average speed > 5 km/h. The
average number of gaps per trip was found to be approximately
22. The continuity results furthermore showed that the maximum
gap duration in 27 % of the 1,000 trips was only two seconds.
The maximum duration for approximately 90 % of the gaps was
less than 60 seconds. In other words, approximately 10 % of the
trips have a maximum continuous gap duration of more than 60
seconds. The results indicated that the maximum continuous gap
durations depend on whether it is due to satellite unavailability
or system configuration faults. The maximum continuous gap du-
rations due to satellite unavailability for all the 1,000 trips were
found to be within the 5–10 minute duration interval. The average
gap duration for the 1,000 trips was approximately 9 seconds and
3.2 seconds excluding all outliers (gaps above 30 minutes).
The Gap Duration Ratio results showed that the gap durations in
90 % of the 1,000 trips constitute up to 50 % of the trip duration.
The gap duration figures are important for the charging process as
the results show that no vehicle location determination exists in
up to 50 % of the trip durations. However, 42 % of these consti-
tute less than 5 % of the trip durations. The average gap duration
ratio excluding outliers is 13.1 %. These figures are important for
GNSS-based road charging systems as the missing vehicle location
determination affects the charging process, since the driven dis-
tance during these interruptions can not be determined based on
collected data.
The gap distance results showed that the gap distances in the
majority of the trips (65 %) was less than 10 meters. The gap
distance results are important as these are the distances which the
charge construction function has to estimate in order to determine
the distance driven. The results showed that the maximum gap
distance in the majority of trips were between 20–40 meters. In
addition, the cumulative frequency demonstrated that the maxi-
mum distance for approximately 90 % was less than 200 meters.
The maximum continuous gap distance for all the 1,000 trips was
found to be 6.63 kilometers. In addition, results showed that the
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gap distance for approximately 90 % of the trips constituted less
than 20 % of the trip mileage. The gap distance results are impor-
tant for the design of the charge construction function as the gap
distances missing in the total trip distances need to be estimated
in order to charge the road users correctly for their road usage.
Summarized, these figures from the RNP assessment demonstrated
that the performance of the four required navigation parameters
differs significantly. Even though the satellite visibility was shown
to be available in Copenhagen, the positioning availability in this
experiment was restricted to 83 % of the total time travelled and
did not meet the performance requirement of 99 % availability.
The high level of positioning unavailability was in this experi-
ment mainly due to inadequate positioning continuity, which was
demonstrated by both minor gaps (< 10 minutes) and also very
large gap durations. The large gap durations were considered
as outliers due to the technical problems during the experiment.
However, the positioning accuracy results were good for Copen-
hagen and partly meet the RNP requirements with approximately
97 % position fixes within 30 meters from the road centerline. The
figures presented should be kept in mind when designing GNSS-
based road charging systems as different technical failures may
happen, which will have severe consequences if not detected in
time. The positioning integrity will be able to support failure de-
tection of the vehicle location determination function in 81 % of
the time.
6.3 Time To First Fix
The availability of positioning measurements is furthermore af-
fected by Time To First Fix (TTFF). TTFF is a specification that
details the required time for a GNSS receiver to acquire signals
and navigation information (almanac and ephemeris data) from
satellites and the time to calculate a solution for the first posi-
tion fix (refer to section 4.3.2). The receiver acquisition time and
hence TTFF can vary depending on the GPS receiver model and
a variety of other factors. The almanac contains satellite orbit
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information and allows the GPS receiver to predict which satel-
lites overhead, hence shortening the acquisition time [Misra and
Enge, 2006]. However, the receiver must have a continuous fix for
approximately 15 minutes to receive a complete almanac from the
satellites. The ephemeris data contains precision corrections to the
almanac data and is required for accurate positioning [Kaplan and
Hegarty, 2006]. The ephemeris data is continuously updated and
so within a deactivated receiver the ephemeris data will become
obsolete after 3-6 hours. In general, the acquisition times given by
receiver manufacturers are based on isolated test conditions and
do not take influencing factors such as satellite geometry or urban
canyon effect into consideration. In typical outdoor conditions, it
might take about a minute for a unit to find its starting location
depending on when the receiver was last used. In the following the
three most common acquisition scenarios are described:
If the receiver was used the last time within two hours (hot start),
the almanac and ephemeris data kept in the receiver memory is
still valid and the receiver only needs the timing information from
the satellites to calculate a position. The TTFF for a hot start is
typically between 0–25 seconds. If the receiver last was used after
more than two hours (warm start), the receiver can predict which
satellites are overhead but needs to update current ephemeris data
before it can calculate the first position. The TTFF for a warm
start is typically 25–45 seconds. However, if the receiver has not
been used for more than three days, reset or turned off in a loca-
tion with limited satellite visibility (cold start), the GPS receiver
cannot predict the satellites overhead and needs to work through
an internal list of all satellites, trying to acquire each one in turn.
The TTFF for a cold start is anywhere between 2–30 minutes.
As TTFFs in worst cases may be up to 1215-30 minutes, they
can have a severe impact on the determination of distance driven
in continuous road charging schemes. In the literature, TTFF
are considered the main problem in relation to GNSS-based road
charging systems [Zijderhand et al., 2006].
Often, TTFFs are analysed for different GNSS receiver types and
compared to identify the duration of hot, warm and cold starts.
198 Performance Assessment of VLD
[Sheridan, 2009] provides a summary of different GNSS receivers
used in OBUs. These analyses are often based on static measure-
ments or on special equipment, hence the methodologies cannot
be directly applied to TTFF analyses based on OBU data from
a road charging experiment. In this section, a methodology for
assessing the TTFF based on the collected data are presented. To
the author’s knowledge, TTFF assessments have been difficult to
perform in GNSS-based road charging experiments as the vendor
equipment was not designed to isolate and identify the TTFF gaps
[MapFlow, 2007] and furthermore had start-up delays [Zijderhand
et al., 2006].
Based on gap data set, developed for this research, the TTFF is
assessed on the basis of TTFF gap durations, distances and spatial
distributions. The results are compared to relevant research on the
TTFF performance (refer to the literature study in Chapter 4).
The analyses and results are presented in the following sections.
6.3.1 Time To First Fix Gap Durations
As the OBUs in this experiment were designed to store the last
position measurement from the previous trip as first record in a
new trip, the TTFFs could be determined in this research. The
TTFF is determined as the duration from the ignition is on to the
first position measurement in a trip.
This section analyzes the TTFF gaps, which in this thesis is defined
as the gap duration to the first position measurement in trips where
TTFF is not instantaneous (i.e. TTFF > 1 sec). The frequency of
TTFF gaps within different duration intervals is given in Figure
6.22.
The results show that 99 % of TTFF gaps are less than 160 sec-
onds. The figure demonstrates that very large TTFFs of more
than one day exist but these are very rare in the data set. TTFF
gaps of more than 30 minutes constitute 0.12 %. Approximately 43
% of the TTFF gaps have a duration of only two seconds. Further-
more, the results from this analysis show that 38.7 % of all trips
have a TTFF gap which in total constitute 2.8 % of the total time
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travelled. Hence, in approximately 61 % of all trips the GPS re-
ceiver logged the first position measurement instantaneously. The
TTFF gaps constitute 6 % of the total number of gaps and also 6
% of the total gap duration.
Figure 6.22: Time To First Fix.
The average duration of the TTFF gaps including all trips and
outliers is approximately 34 seconds. For TTFF gaps less than 30
minutes, the average TTFF is 11 seconds. Compared to [Zijder-
hand et al., 2006], in which the average TTFF in The Netherlands
was estimated to be 130 sec +/- 13 sec, the results from Copen-
hagen presented in this section are significantly lower. The TTFF
gap durations inclusive outliers constitute approximately 2.8 % of
the total time travelled.
In relation to the three acquisition time scenarios presented, this
section therefore assesses TTFF gaps compared to the time dura-
tion between the trips. ´
Figure 6.23 illustrates the distribution of time between trips (TBT)
in the data set. The figure shows that in approximately 69 % of
the trips, the TBT is less than 1 minute, which is due to technical
problems regarding on/off switching OBUs during the experiment
(refer to Chapter 5). Several trips have a TBT between 10–30
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minutes due to the selection of participants which include taxis and
parking attendant vehicles that conduct many short stops during
the day.
Figure 6.23: Distribution of Time Between Trips.
In Figure 6.24, the TTFF gap duration is compared to TBT. The
figure illustrates that no clear correlation between TTFF and TBT
exists. One would expect a reasonable linear correlation between
time-to-first-fix and the time between trips. However, [Zijderhand
et al., 2006] concludes that there is no correlation between the time
between trips and TTFF.
In order to assess this correlation further, the trips were divided
into three subsets according to their startup situation based on the
TBT. These three subsets are:
• Hot starts: TBT ≤ 2 hours
• Warm starts: TBT > 2 hours and ≤ 3 days days
• Cold starts: TBT > 3 days
Figure 6.25 illustrates the distribution of TTFF gaps within the
three subsets. The figure demonstrates that the distribution of
TTFF gaps differs between the three categories. The TTFF gap
durations for hot starts are significantly shorter than for warm
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Figure 6.24: Time To First Fix compared to Time Between Trips.
and cold starts. For warm and cold starts, the TTFF gap dura-
tion distributions are very similar, which presumably is due to the
rather unclear definition of warm and cold starts. In Figure 6.26
the cumulative frequency of TTFF gaps within the three subsets
is given. The figure shows that approximately 99 % of the TTFF
gaps for hot starts are less than 30 seconds, while 99 % of the
TTFF gaps for warm and cold starts are within 5 and 10 minutes
respectively.
Table 6.3 shows the distribution of trips between TTFF gap inter-
vals and the startup categories. The results show that the OBUs in
32.7 % of all trips had hot starts within 2–8 seconds. In addition,
1.3 % of all trips had warm starts between 9–40 seconds and 0.08
% trips had cold starts with TTFF gap durations of more than
100 seconds.
The spatial distribution of TTFF gaps is furthermore analysed in
this thesis and the result is illustrated in Figure 6.32 on page 208.
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Figure 6.25: Distribution of TTFF Gap Durations within Startup Cat-
egories.
Figure 6.26: Cumulative Frequency of TTFF Gaps within Startup
Categories.
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TTFF 2–8 sec 9–40 sec 41–100 sec >100 sec
Hot Start 32.74 % 2.41 % 0.21 % 0.14 %
Warm Start 0.22 % 1.33 % 0.86 % 0.76 %
Cold Start 0.011% 0.011 % 0.014 % 0.076 %
Table 6.3: Time To First Fix Scenarios.
The figure illustrates the position in which the vehicle ignition is
turned on for all the 1,000 trips. Note that the spatial distribution
is layered with the largest durations on top. The result shows that
the small TTFF gaps have occurred in most of the Copenhagen
area. The large TTFF gaps (> 60 sec) are clustered in the densest
parts of Copenhagen and hence affected by urban canyons. The
outliers (>1,800 sec) are more dispersed which confirms that these
very large TTFFs are outliers caused by technical problems rather
than cold starts.
6.3.2 Time To First Fix Gap Distances
TTFF gaps result in missing distance information. This distance
information is important in relation to the road charging process
as it may influence the determination of the distance driven in
continuous charging schemes. This section analyzes the DTFF
gaps, which in this thesis is defined as the gap distance to the first
position measurement in trips where TTFF is not instantaneous
(i.e. TTFF > 1 sec).
The DTFF is determined as the gap distance from the end position
measurement in the previous trip to the first position measure-
ment in a new trip. The gap distances between these two position
measurements were calculated by the Haversine Formula [Sinnott,
1984] for distance determination between two points in spherical
coordinates (refer to Appendix A for explanation). The frequency
of TTFF gap distances within different intervals is given in Figure
6.27.
The results show that the DTFF varies from zero to very large
distances of more than 6,000 km. The distances above 6,000 km
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Figure 6.27: Distribution of Distance To First Fix.
occur in 1.2 % of the total number of TTFF gaps and are due to
the GPS receiver logging the first position measurement as in the
center of Earth (Origo 0,0,0). These DTFFs are hence related to
the radius of the Earth.
Furthermore, the results show that approximately 90 % of the
DTFFs are less than 100 meters and 22 % are less than 10 meters.
The average DTFF is approximately 77 meters.
Figure 6.28 illustrates the DTFF compared to the TTFF gaps.
The result shows that the distances to first fix vary a great deal
in relation to the time to first fix, although a small increase in the
DTFF can be seen proportional to the TTFF gap durations.
This correlation is more evident in Figure 6.29 which illustrates the
distribution of DTFF within the three different startup categories.
The results show that the DTFFs are significantly shorter for hot
starts than for trips with warm or cold starts. As with the TTFF,
the difference between warm and cold starts is not very significant,
although the figure clearly illustrates that the majority of DTFFs
of more than 6,000 kilometers are related to trips with cold starts.
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Figure 6.28: Time To First Fix Compared to Distance to First Fix.
Figure 6.29: Distribution of Distance To First Fix within Different
Startup Categories.
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In Figure 6.30 the cumulative frequency of DTFF gaps within the
three categories is given. The figure shows that approximately 90
% of the DTFF gaps for hot starts are less than 80 meters, while
only 60 % and 45 % of the DTFF gaps are less than 80 meters for
warm and cold starts respectively.
Figure 6.30: Cumulative Frequency of Distance To First Fix within
different Startup Categories.
The average DTFF within different TTFF gap duration intervals
for all trips including outliers is summarized in Figure 6.31.
The spatial distribution of the TTFF gap distances is furthermore
analysed in this thesis and the result is illustrated in Figure 6.33
on page 209. The figure illustrates the starting point for the gap
distances of all 1,000 trips, layered with the largest distances on
top. The result shows that the distance of the majority of TTFF
gaps in Copenhagen is less than 10 meters. The small gap dis-
tances (< 10 m) are dispersed in the Copenhagen area. The larger
gap distances are clustered in the densest parts of Copenhagen,
while the largest gap distances of more than 1 kilometer are more
dispersed. Some of the gap distances above 6,000 kilometers are
found at the DTU Transport Campus Ares, which indicates that
these large gap distances might be due to restarting of the OBUs
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Figure 6.31: Average Gap Distances for Time To First Fix Durations.
for different technical reasons.
6.3.3 Discussions on TTFF
The Time To First Fix has been analyzed in this section based
on gap durations and gap distances. The TTFF is an important
measure to assess and understand in relation to GNSS-based road
charging systems as the availability of positioning measurements
is affected.
The results of this assessment showed that approximately 39 % of
all trips had a TTFF gap before the first position measurement in
a trip. 99 % of these TTFF gaps were less than 160 seconds and in
total all TTFF gaps constituted 6 % of the total number of gaps
during the experiment and 2.8 % of the total time travelled. The
average TTFF gap duration was 11 seconds excluding all outliers.
In 61 % of the trips the OBU logged the first position measurement
instantaneously.
In addition, the results of the analyses showed that the TTFFs
in approximately 99 % of the trips with hot starts were within 10
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Figure 6.32: Spatial Distribution of Time To First Fix.
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Figure 6.33: Spatial Distribution of Time To First Fix Distances.
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seconds, meaning that the GPS receivers kept up-to-date almanac
and ephemeris information in the receiver memory and only needed
to obtain timing information from the satellites to calculate a po-
sition fix.
Furthermore, the results showed that 90 % of the TTFF gap dis-
tances were less than 100 meters and 22 % were less than 10 meters.
The average TTFF gap distance was found to be approximately 77
meters. This TTFF assessment furthermore demonstrated a cor-
relation between the time- and distance to first fix, which showed
that 90 % of the DTFF for hot starts are less than 80 meters while
only 60 % and 45 % are within the same distance for warm and
cold starts respectively.
This section has presented a methodology for assessing the TTFF
based on the collected data from OBUs. This methodology does
not consider the data integrity in terms of data invalidity and de-
ficiency. The very large TTFF gap durations (outliers) may there-
fore be a consequence of the technical problems which occurred
during the experiment (refer to Section 5.5). The results however
demonstrate that TTFF gaps constitute an important part of both
the total number of gaps and the total time travelled.
6.4 Discussions on Vehicle Location Deter-
mination Performance
The assessment of the vehicle location determination performance
in this chapter has showed a high level of unavailability. A large
percentage of the unavailability was due to the technical problems
resulting in system downtime gaps and gaps caused by incorrect
system configuration. Based on the results from the assessments
presented in this thesis, the positioning gaps are in this thesis
classified into three overall categories:
GPS gaps which are the minor gaps less than ten minutes pri-
marily caused by GNSS unavailability including time to first
fix gaps.
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Downtime gaps which are the gaps with durations less than a
day. These gaps are primarily caused by technical problems
or system maintenance resulting in positioning downtime.
Configuration gaps are large gaps with durations lasting more
than a day. The large gaps are primarily caused by technical
configuration faults in the system set-up, resulting in incor-
rect gap durations or long periods of positioning downtime.
Figure 6.34: Gap Classification in Percent of Total Time Travelled.
These gap categories and their contribution to the unavailability
of the vehicle location determination function are illustrated in
Figure 6.34.
The figure illustrates that if the gaps due to configuration faults
are eliminated the positioning unavailability drops from 47 % to
16 % of the total time travelled. And if, in addition, the downtime
gaps can be eliminated, the unavailability drops to 4.7 %. Al-
though both the configuration faults and downtime gaps may be
decreased significantly, it is unrealistic to believe that these will be
completely eliminated in future setups as both faults and failures
occur in every system. In addition, mandatory system down time
will be necessary from time to time in order to maintain, update
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or repair the road charging system. What the figure furthermore
demonstrates is that the GPS gaps constitute the smallest part
of the positioning unavailability, although 4.7 % does not meet
the availability requirement of liability-critical road charging sys-
tems. Although the large gaps caused by system downtime and
configuration faults constituted a large percentage of the VLD un-
availability, these gaps only constituted a small percentage in the
total number of gaps (refer to Figure 6.35). Figure 6.35 illustrates
the distribution of the gap classes within the percentage of trips.
The results demonstrate that while approximately 37 % of trips
have zero gaps in their positioning, nearly 62 % of trips have GPS
gaps in the position measurements. The large gaps caused by sys-
tem downtime and configuration faults only occur in about 1 % of
the trips. In addition, the majority of gaps was found to be less
than 25 seconds and in most trips the total duration of the gaps
was between 2–5 seconds. These results hence indicate that the
main concerns regarding the unavailability of the vehicle location
determination should be how to eliminate the large downtime and
configuration and reduce the occurrence of the many GPS gaps.
Figure 6.35: Distribution of Gap Classes within the Percentage of
Trips.
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According to the road charging system’s spatial degree of detail,
different requirements are specified on the vehicle location deter-
mination performance. Table 6.4 summarizes the VLD perfor-
mance assessment from this chapter in relation to the most com-
mon GNSS-based charging schemes. The table demonstrates that
if the system is based on charging zones, where the road users
pay different tariffs per kilometre within different zones, the per-
formance of the VLD function is quite good. The accuracy per-
formance is sufficient for determining which zone the vehicles are
within (including buffers) and the level of continuity is fair for
determining the driven distance. If the road charging scheme is
based on individual road segments or on road types, the perfor-
mance level is moderate for determining the accurate routes on
which the cars are driven. For charging schemes based on discrete
events (passing a cordon or a specified point), the VLD perfor-
mance level is slightly lower as charging schemes based on discrete
event set higher requirements to positioning availability when pass-
ing the charging event. However, the use of different algorithms
can help detect whether the vehicles have passed a specific event.
Table 6.4: Rating chart of the VLD performance in relation to the
charging scheme’s spatial degree of detail (with 1 star being
lowest and 5 stars being highest).
As both the satellite visibility and the positioning accuracy have
improved significantly, the results indicate that the main challenge
related to vehicle location determination is not as often stated
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due to positioning inaccuracies but instead to the high level of
positioning interruptions mainly caused by GPS.
The many GPS gaps can affect the distance determination and
hence charge computation, depending on both the frequency of gap
occurrences and gap durations within a trip. The impact of GPS
gaps is hence assessed in relation to the distance determination
function in the following chapter.
6.5 Summary
In this chapter, an assessment of the vehicle location determina-
tion performance has been presented based on experimental work
carried out in Copenhagen during 2008. There are several findings
to be taken forward from this chapter.
Firstly, new methodologies have been presented for assessing both
the positioning continuity and the time- and distance to first fix.
The positioning continuity assessment methodology suggested by
this thesis provides useful new information which supplements the
accuracy, integrity and availability assessment methodology by
[Ochieng and Sauer, 2002] very well. With this suggested method-
ology, there is a complete set of assessment methods for assess-
ing the required navigation performance parameters for liability-
critical road transport applications. This set of methods can be
used to assess the vehicle location determination performance in
future road charging trials or -systems.
Secondly, new results of vehicle location determination perfor-
mance have been presented. The results from this chapter showed
that the satellite visibility has improved significantly in Copen-
hagen between 2003–2008. Both the number of visible satellites
and the horizontal dilution of precision have improved substan-
tially, which means that the prerequisites to GNSS-based vehicle
location determination have enhanced. In addition, the results
showed that required navigation performance parameters for road
transport applications were significantly better than compared to
performance assessment results from London in 2002. While the
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accuracy requirement in Copenhagen was partly met, the continu-
ity and hence availability required for vehicle location determina-
tion suffer from severe gaps in the positioning data. These gaps
were due to both satellite unavailability, caused by poor urban sig-
nal reception and long receiver acquisition times, and furthermore
to the different technical problems and configuration faults which
occurred during the experiment.
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Chapter 7
Gap Influence on Driven
Distance Determination
While the previous chapter identified the challenges of the vehicle
location determination function and classified the different outages
in the positioning information, this chapter presents an assessment
of the driven distance determination tolerance towards the differ-
ent positioning related outages. The assessment is conducted on
the basis of a simulation methodology developed in this thesis.
7.1 Influence of Positioning Gaps on Deter-
mination of Driven Distance
This section analyzes the influence of positioning gaps on the deter-
mination of driven distance in GNSS-based road charging systems.
As classified in Chapter 4, GNSS-based charging is either distance-
based or distance-related. The gap influence on the distance de-
termination in both types of charging schemes is important for the
road charging system’s ability to charge the road users correctly
for their road usage.
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In the literature, different studies have been conducted to assess
the performance of distance determination in terms of different
algorithms and filtering methodologies (refer to section 4.5). To
the author’s knowledge, no assessment of the positioning outages’
influence on the two distance determination methodologies for
GNSS-based road charging systems exists.
7.1.1 Simulation Methodology
In this section, a methodology for assessing the influence of conti-
nuity on the distance determination is developed. Based on sim-
ulations, the influence of gaps on the distance determination is
assessed in relation to both distance-based and distance-related
charging.
For the simulations, 25 trips with no interruptions in the po-
sitioning information were selected randomly from the collected
data. Simulations of gaps were then applied to these selected trips,
within different intervals and frequencies. The focus in this chap-
ter is on the minor gaps of up to 10 minutes caused by satellite
unavailability and long receiver acquisition times. The gap types
used for the analyses in this thesis are given in Table 7.1.
Interval Description
Small gaps 2–10 sec Minor gaps up to 10 seconds
Medium gaps 11–60 sec Medium gap durations up to one minute
Large gaps 61–600 sec Large gap durations up to 10 minutes
Table 7.1: Gap Types.
These gap types were applied with different frequencies in each of
the 25 trips to represent the results of the vehicle location deter-
mination performance assessment in Chapter 6. The continuity
results showed that the majority of gaps was within 25 seconds
and that maximum gaps occurred within the 5-10 minutes inter-
val. In addition, the results showed that the frequency of gaps
on average was 22 per trip. Based on these figures, nine different
scenarios were created for the simulations. Table 7.2 summarizes
the simulation scenarios.
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Small Medium Large
Single
gap
One small
gap in each
trip, less than
10 seconds
(S1)
One medium
gap in each
trip, up to
one minute
(M1)
One large gap
in each trip,
up to 10 min-
utes
(L1)
Few
gaps
Five small
gaps in each
trip, each gap
less than 10
seconds
(S5)
Five medium
gaps in each
trip, each gap
up to one
minute
(M5)
Five large
gaps in each
trip, each
gap up to 10
minutes
(L5)
Several
gaps
10 small gaps
in each trip,
each gap less
than 10 sec-
onds
(S10)
10 medium
gaps in each
trip, each gap
up to one
minute
(M10)
Not possible
to simulate
several large
gaps within
one trip
–
Many
gaps
25 small gaps
in each trip,
each gap less
than 10 sec-
onds
(S25)
Not possible
to simu-
late many
medium gaps
within one
trip
–
Not possible
to simulate
many large
gaps within
one trip
–
Table 7.2: Simulation Scenarios.
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The positioning data foundation for the distance determination is
illustrated in Figure 7.1 on the next page for both the S5, M5,
L5 data sets and the complete data set without any gaps in the
positioning information. In the nine scenarios, the first and last
positioning measurement were kept intact for all 25 trips.
Based on these scenarios, the influence of gaps on the distance
determination is assessed in relation to both distance-based and
distance-related charging. The analyses and results are presented
in the following sections.
7.1.2 Gap Tolerance in Distance-based Charging
In this section, the gap influence is determined for the distance-
based charging based on a simplified distance determination method-
ology. For this distance-based analysis, the driven distance is de-
termined based on the sum of Euclidian distances between the
position measurements for each trip. In general, distance-based
charging would include some kind of filtering algorithms to ex-
clude positioning outliers in the data set, but for this analysis no
filtering was applied in order to assess the tolerance of the sim-
plest distance determination methodology. The driven distances
are hence determined for all 25 trips in the nine scenarios and
compared to the distances based on the complete data set.
Table 7.3 demonstrates the determined distance to the true dis-
tance expressed as percentage for all nine scenarios and each of
the 25 trips.
The results show that small single gaps in the positioning mea-
surements on average constitute 99.97 % of the true distance and
thereby have a minor influence on the determination of distance
driven in distance-based charging schemes. Several small gaps have
more influence on the distance determination, which results in an
underestimation of the driven distance due to the sum of short-
est distances between the position measurements. In addition the
results show that all the trips with small gaps in the position mea-
surements constitute more than 99 % of the true distance.
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(a) No Gaps (b) S5
(c) M5 (d) L5
Figure 7.1: 25 Trips within Different Simulated Gap Scenarios.
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The medium gap durations have a significant impact on the dis-
tances in general and from the average figures the results indicate
that a single or few medium gaps have more influence on the dis-
tance determination that many small gaps within a trip.
The large gap durations of up to 10 minutes have a severe influence
on the distance determination both as a single gap or as a few gaps
in a trip. In both scenarios, the distances are underestimated and
in one case the distance determined only constitutes 60 % of the
true distance. On average, the distances determined for the two
large gap scenarios L1 and L5 constitute approximately 93 % and
87 % respectively.
Table 7.3: Determined Distances for Different Scenarios of Distance-
based Charging.
In relation to the road charging performance requirements (refer
to Chapter 4), the determination of the distance driven should be
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kept within +/- 1 % of the truth. Table 7.4 shows the frequency
of distance deviations in relation to the true distance.
Table 7.4: Frequency of Distance Deviations in Distance-based Charg-
ing.
The results show that distance deviations, for the majority of trips
with small gaps, are within the performance requirement of -1–0 %
from the truth. In the medium scenarios, especially with few and
several gaps respectively the distance deviations for several of the
25 trips fall outside, thereby indicating that the distance-based dis-
tance determination in these cases does not meet the performance
requirement. For the large gap scenario L5, the distance deviations
for the 25 trips are all less than -1 % of the true distance.
Comparing the distance determination results for the original 25
trips without gaps to the mileages determined by the OBUs, the
results (refer to Table 7.5) show that the distance-based method-
ology determines longer distances (positive values). This may be
due to fluctuations in the GPS position measurements which are
not excluded by filtering techniques. The distance-based distance
deviation varies between trips but is 3.61 % on average. It should
however be kept in mind, that the OBU mileage determination
may be affected by data invalidity due to the technical problems
described previously.
Compared to the distance determination results [MapFlow, 2007]
from London, these results show a higher number of trips for which
the distance is overestimated compared to the OBU mileage. How-
ever, if trips then have gaps in the position measurements, the
driven distances based on the distance-determination will become
shorter and the deviation hence minor. The distance-related re-
sults are discussed in the following section 7.1.3.
The results from this tolerance assessment show the influence of
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Table 7.5: Distance Deviations in Percent of OBU Mileage.
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different gap scenarios on the determination of driven distance
in distance-based charging schemes. The distance-based distance
determination is relatively unaffected by the occurrence of small
gaps, while the occurrence of gap duration of up to one minute have
a significant effect on the distance determination. Any occurrence
of large gap durations may result in severe distance deviations.
The total average for distance-based charging of all trips within
the nine scenarios is 97.33 % of the true distance.
7.1.3 Gap Tolerance in Distance-related Charging
In this section, the gap tolerance is determined for the distance-
related charging based on map-matching to the road network. The
applied map-matching algorithm is developed by DTU Transport
and described in [Nielsen and Jørgensen, 2004]. The driven dis-
tance is summarized for each trip based on the length of the road
segments used. The driven distances are hence determined for all
25 trips in the nine scenarios and compared to the distances based
on the complete data set.
Table 7.6 demonstrates the determined distance to the true dis-
tance expressed as percentage for all nine scenarios and each of
the 25 trips.
The results show that small single gaps in the positioning mea-
surements do not have any influence on the determination of the
distance driven in distance-related charging schemes. Even with
several or many small gaps within a trip, the distance determi-
nation is hardly influenced due to the map-matching algorithm
estimating the distance in case of lack of positioning information.
The distance determination constitutes 100 % of the true distance
for the majority of trips in all small gap scenarios. On average,
the distances determined for the small gap scenarios constitute
between 99.22 % and 100 %.
While the distance determinations are hardly affected for single
medium gap durations, few and several gap durations of up to one
minute each have a significant influence on the distance determina-
tion. In both scenarios, the distances are generally underestimated
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Table 7.6: Distance Determination Results for Distance-related Charg-
ing.
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and in one case the distance determined only constitutes 65 % of
the true distance. On average, the distances determined for these
two medium gap scenarios (M5 and M10) constitute approximately
99 % and 93 % respectively.
The results furthermore show that large continuous gap durations
have a severe influence on the determination of the distance driven.
In both large scenarios (L1 and L5) the distances are generally un-
derestimated and as a result only constitute 81.8 % and 65.5 %
in average. It is important to stress that in both cases, distance
determination is not possible for all of the 25 trips. For two trips,
map-matching to a road network on the basis of the positioning in-
formation including large gaps is not possible and as a consequence
the distance cannot be determined.
With few large gaps in the positioning information during a trip,
the results show that distance-related distance determination may
only constitute down to 10-15 % of the true distance, if possible
to determine at all.
In relation to meeting the road charging performance requirements
(in Chapter 4), Table 7.7 shows the frequency of distance devia-
tions in relation to +/- 1 % of the true distance.
Table 7.7: Frequency of Distance Deviations in Distance-related Charg-
ing.
The results show that the distance deviations, for the majority of
trips with small gaps, are within the performance requirement of
+/- 1 % from the true distance. For several of the 25 trips with
few or several medium gaps, the distance deviation falls outside,
thereby indicating that the distance-based distance determination
in these cases does not meet the performance requirement. For
the large gap scenario L5, the distance deviations for the 25 trips
are all less than -1 % of the true distance.
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Comparing the distance determination results for the original 25
trips without gaps to the mileages determined by the OBUs, the
results (refer to Table 7.5) show that the distance-related method-
ology mostly determines shorter distances (negative values). This
is expected as map-matching of position measurements to the dig-
ital road network does not include position measurements before
and after the first and last intersection in the trip. The distance-
related distance deviation varies between the trips but is −5, 45
% on average. The results show that the distance-related devia-
tions are larger than the distance-based deviations. Compared to
the distance determination results from London [MapFlow, 2007],
these results have a less negative deviation average than the results
based on TfL’s own distance determination.
The results from this tolerance assessment show the influence of
different gap scenarios on the determination of driven distance in
distance-related charging schemes. The distance-related distance
determination is unaffected by the occurrence of single small gaps.
Due to the map-matching algorithm, the driven distance is esti-
mated whenever there are small lacks of positioning information.
However, for some trips these small gaps can have a greater in-
fluence on the distance determination than medium or large gaps.
This hence indicates that the distance-related charging is more de-
pendent on the spacial location of gaps in the positioning measure-
ments. As with distance-based distance determination, medium
gap durations have a significant influence on the distance driven,
but any occurrence of large gap durations during a trip may re-
sult in severe distance deviations. The total average for distance-
related charging of all trips within the nine scenarios is 92.42 % of
the true distance.
7.1.4 Discussions on Gap Tolerance
The gap tolerance for distance determination in both distance-
based and distance-related charging schemes has been analyzed in
this section based on a simulation methodology. The gap tolerance
of the distance determination in both types of charging schemes
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is important for the road charging system’s ability to charge the
road users correctly for their road usage.
The results of this assessment show that small gaps have minor
if any influence on the determination of the distance driven for
both distance-based charging and distance-related charging. The
distance-related distance determination is more robust towards the
occurrence of small interruptions in the positioning information.
Due to the map-matching of positions to the road network, the
exact same distance is easier attained for distance-related charging.
However, the distance-related charging is more dependent on the
spatial location of gaps in the position measurements.
Medium gaps have significant influence on both charging method-
ologies. While the distance determinations are hardly affected for
the single medium gap durations, few and several gap durations re-
spectively of up to one minute each have a significant influence on
the distance determinations for both charging methodologies. For
the distance-based charging methodology, the results show that a
single or few medium gaps have more influence on the distance
determination that many small gaps within a trip. The distance-
related charging methodology is more affected by medium gap du-
rations and is poorer in reproducing the driven distance. Conse-
quently, the determinated distances deviate more from the true
distance and in one case the distance determined only constitutes
65 % of the true distance.
For both charging methodologies, the large gap durations of up
to 10 minutes have severe influence on the distance determination
both as a single gap or as few gaps during a trip. In both large sce-
narios (L1 and L5) the distances are generally underestimated and
deviate notably from the true distance. The results furthermore
show that the distance-based distance determination is better at
reproducing the true distance for trips with large gap durations.
On average, the determinated distances for the distance-related
charging methodology constitute less of the true distance and more
importantly, distance determination was not possible for all of the
25 trips. With few large gaps in the positioning information during
a trip, the results show that distance-related distance determina-
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tion may only constitute down to 10-15 % of the true distance,
if possible to determine at all, while the distance-based distance
determination constitutes down to 60 %. Furthermore, the total
average for distance-based charging is 97.33 % and 92.42 % for
the distance-related charging, which nearly indicates a 5 % dif-
ference between the two charging methodologies. Compared to
the distance determination results from London [MapFlow, 2007]
in section 4.5.3, the distance-based determination is comparable
to the results from the best three OBUs. The distance-related
charging is comparable to the average results based on TfL’s own
map-matching methodology.
The results furthermore show that for small gap durations the two
charging methodologies both meet the performance requirement
of +/- 1 % deviation from the true distance. When medium gaps
occur during trips, especially with few and several gaps the charg-
ing methodologies cannot meet the performance requirement for
several trips as the distance deviation with both charging method-
ologies is outside the +/- 1 % range. In the case of large gap
durations, the distance deviations for the 25 trips are all less than
-1 % of the true distance with both charging methodologies. The
results are however affected positively by keeping the first and
last position measurement in each trip. If these position measure-
ments were excluded, the trip distances would naturally be shorter
for both charging methodologies.
Compared to the results from London where the performance re-
quirement could not be met, these results indicate a minor im-
provement although this is tested on a much smaller data set.
When comparing the distances of the original 25 trips with the
OBU mileage, the distance deviations become even larger for both
charging methodologies.
The tolerance figures presented in this section are important for
the implementation of GNSS-based road charging systems, in order
to design a road charging process which can meet the performance
requirement of less than +/- 1 % deviation in 99 % of trips.
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7.2 TTFF Influence on Distance Determi-
nation
In this section, a similar simulation methodology is applied to as-
sess the influence of TTFF on the distance determination. Based
on different simulations, the influence of TTFF on the distance
determination is assessed in relation to both distance-based and
distance-related charging. The TTFF influence is assessed sep-
arately as TTFF gaps in the literature are considered the main
problem in relation to GNSS-based road charging systems [Zijder-
hand et al., 2006].
7.2.1 TTFF Simulation Methodology
For the TTFF simulations, the same 25 trips with no interruptions
in the positioning information were selected from the collected
data. Simulations of different TTFFs were then applied to these
selected trips, within three different intervals. The TTFF intervals
used for the analyses in this thesis are given in Table 7.8.
TTFF Interval Description
Small 2–10 sec Minor TTFFs up to 10 seconds
Medium 11–60 sec Medium TTFF up to one minute
Large 61–600 sec Large TTFF durations up to 10 minutes
Table 7.8: TTFF Intervals
TTFFs were simulated within these intervals in each of the 25
trips to represent the results of the TTFF assessment in Chapter
6. The TTFF results showed that the majority of gaps was within
10 seconds and that maximum TTFF occurred within the 5-10
minutes interval. Based on these figures, three different scenarios
were created for the simulations. Table 7.9 describes the TTFF
simulation scenarios.
Based on these scenarios, the influence of TTFFs on the distance
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Small Medium Large
TTFF
A small
TTFF, less
than 10
seconds
(S)
A medium
TTFF gap,
up to one
minute
(M)
A large
TTFF gap,
up to 10
minutes
(L)
Table 7.9: TTFF Simulation Scenarios.
determination is assessed in relation to both distance-based and
distance-related charging. In all three scenarios, the last position
measurement from the previous trip was kept as the first position-
ing measurement for all 25 trips as this was the default settings of
the OBUs used in the experiment.
The analyses and results are presented in the following sections.
7.2.2 TTFF Tolerance in Distance-based Charging
In this section, the TTFF tolerance is determined for the distance-
based charging based on the same simplified linear interpolation
distance determination methodology as for the gap tolerance as-
sessment in the previous section. The driven distances are hence
determined for all 25 trips in the three scenarios and compare to
the distances based on the complete data set.
Table 7.10 demonstrates the determined distance to the true dis-
tance expressed as percentage for all three scenarios and each of
the 25 trips.
The results show that all three scenarios of simulated TTFFs have
an influence on the distance determination in distance-based charg-
ing schemes, which in general results in underestimation of the
determined distances.
Small TTFFs have a minor influence on the distance driven. The
determined distances deviate up to approximately 4 % from the
truth and the 25 trips on average constitute 99.43 % of the true
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Table 7.10: Distance Determination Results for Distance-based Charg-
ing.
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distance. The medium TTFFs have a significant influence on the
distance driven. The determined distances for trips with medium
TTFF durations deviate up to approximately 6 % from the truth.
On average, the 25 trips constitute 98.64 % of the true distance.
In addition the results show that all trips with large TTFFs of
up to 10 minute duration deviate from the true distance. The
determined distances for large TTFFs deviate up to approximately
22 % from the truth and the 25 trips on average constitute 92.37
% of the true distance.
Compared to the single gap results from Section 7.1.2, the TTFF
results show that the distance-based distance determination is gen-
erally more influenced by TTFF gaps than any single gaps during
a trip.
7.2.3 TTFF Tolerance in Distance-related Charging
In this section, the TTFF tolerance is determined for the distance-
related charging. The methodology used for distance determi-
nation is based on the same map-matching methodology (as de-
scribed in Section 7.1.3), relating the position measurements to
the road network and summarizing the length of the road seg-
ments used. The driven distances are hence determined for all 25
trips in the three scenarios and compared to the distances based
on the complete data set.
Table 7.11 demonstrates the determined distance to the true dis-
tance expressed as percentage for all three scenarios and each of
the 25 trips.
The results show that all three scenarios of simulated TTFFs
have an influence on the distance determination in distance-related
charging schemes, which again results in a general underestimation
of the determined distances.
As with the single gaps in the previous assessment, the small
TTFFs hardly deviate in the distance determination, except for
a single trip which deviates approximately 2 % from the truth.
Consequently, the 25 trips including small TTFFs in average con-
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Table 7.11: Distance Determination Results for Distance-related
Charging.
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stitute 99.93 % of the true distance. On the other hand, the
medium TTFFs have a significant influence on the distance driven
in distance-related charging schemes. The determined distances
for trips with medium TTFF durations deviate up to approxi-
mately 21 % from the truth. On average, the 25 trips constitute
97.3 % of the true distance.
For all trips with large TTFFs of up to 10 minutes’ duration,
the determinated distance deviates from the true distance. The
determined distances for large TTFFs deviate up to more than
50 % from the truth, resulting in that the 25 trips on average
constitute 83 % of the true distance. The results show that these
large TTFFs have a severe influence on the distance determination
for distance-related charging schemes.
Compared to the single gap results from Section 7.1.3, the TTFF
results are relatively similar, which indicate that the distance-
related distance determination is equally influenced by the TTFF
and a single gap during a trip.
7.2.4 Discussions on TTFF Tolerance
The TTFF tolerance for distance determination in both distance-
based and distance-related charging schemes has been analyzed
in this section based on a simulation methodology. The TTFF
tolerance of the distance determination in both types of charging
schemes is important for the road charging system’s ability to re-
produce the distance driven and charge the road users correctly
for their road usage.
The results of this assessment show that TTFFs within all three
duration intervals have a influence on the distance determina-
tion, resulting in a general underestimation of the determined dis-
tances. For both charging methodologies, small TTFFs hardly
have any influence on the distance determination. The distance-
related distance determination is again found to more robust to-
wards these small interruptions in the positioning information than
the distance-based methodology.
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The medium TTFFs have a more significant influence on the dis-
tance driven. For distance-based charging, the determined dis-
tances for trips with medium TTFF durations deviate up to ap-
proximately 6 % of the truth. On average, the 25 trips consti-
tute 98.64 % of the true distance. The distance-related charging
methodology is more affected by medium TTFF durations and
is poorer in reproducing the driven distance. Consequently, the
determinated distances deviate up to approximately 21 % from
the truth. On average, the 25 trips constitute 97.3 % of the true
distance.
In addition the results show that for both charging methodologies,
all trips with large TTFFs of up to 10 minutes’ duration deviate
from the true distance. For the distance-based charging, the de-
termined distances for large TTFFs deviate up to approximately
22 % of the truth and the 25 trips in average constitute 92.37
% of the true distance. The results furthermore show that the
distance-based distance determination is better at reproducing the
true distance for trips with large gap durations. The determined
distances for large TTFFs with the distance-related methodology
deviate up to more than 50 % of the truth, resulting in that the
25 trips on average constitute 83 % of the true distance. The
large TTFFs consequently have a severe influence on the distance
determination for especially distance-related charging schemes.
In addition, the TTFF tolerance assessment showed that the distan-
ce-based distance determination is generally more influenced by
TTFF gaps than other single gaps during a trip. The distance-
related distance determination was found to be equally influenced
by TTFFs and other single gaps during a trip.
7.3 Gap Influence Results
Gathering the results from this assessment in an event tree, the
probabilities of the different outcomes for distance-based and distan-
ce-related charging can be demonstrated. The Event Tree Analysis
(ETA) is an analysis technique for identifying and evaluating the
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sequence of events. The probability of a specific outcome is then
calculated by multiplying the event probabilities in the path. The
event tree is performed with RAM Commander’s Event Tree Anal-
ysis Software Module [A.L.D. Engineering, 2010].
The event tree illustrates the possibility of providing correct charges
in case of different gap durations based on the gap duration distri-
bution found in trips in Chapter 6. The gap distribution is based
on the maximum continuous gap in the trip and the distance de-
termination success rate is based on the average deviation results
within the three different gap duration scenarios (refer to Table 7.4
and Table 7.7). This event tree analysis however does not include
the combination of small, medium and large gaps within a trip,
but is based on the average of a single, few or many gaps within
each gap duration category. The TTFFs are in addition included
as regular gaps and all gap outliers are furthermore excluded from
the distance determination. Hence, the outcome percentages are
not exact but are overall estimates to demonstrate the distribution
of success and failure for distance-based charging.
7.3.1 Distance-based Charging
The event tree in Figure 7.2 illustrates the probabilities for differ-
ent charging outcomes for distance-based charging schemes.
The figure demonstrates that for the majority of trips which have
small gaps in the positioning, the distance-based charging results
in a distance deviation less than +/– 1 % for 63.56 % of the trips
because the probability of distance determination success was 100
% for all trips with small gaps. For trips with no gaps the distance
determination is presumed to be less than +/– 1 % for all the trips.
The event tree demonstrates that for the majority of trips, the road
charging outcome results in correct charges. However for trips with
large gaps, the majority of distance determinations will result in
incorrect charging. Summarized, the distance-based charging will
result in correct charging with less than +/– 1 % deviation for
99.30 % of all trips.
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Figure 7.2: Event Tree for Distance-based Charging.
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7.3.2 Distance-related Charging
The event tree in Figure 7.3 illustrates the probabilities of different
charging outcomes for distance-related charging schemes.
Figure 7.3: Event Tree for Distance-related Charging.
The event tree demonstrates that for the majority of trips which
have small gaps in the positioning, the distance-based charging
results in a distance deviation less than +/– 1 % for 61.02 % of
the trips as the average success rate for distance determination was
96 % for all trips with small gaps. This is a little lower success rate
than for the distance-based results in Figure 7.2. For trips with
large gaps in the positioning, the distance determination success
rate is however higher than for distance-based charging.
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The event tree demonstrates that for the majority of trips the
road charging outcome results in correct charges. Summarized,
the distance-based charging will result in correct charging with
less than +/– 1 % deviation for 96.71 % of all trips.
7.4 Discussions on Gap Influence
The simulation analyses of the gap influence on the driven dis-
tance determination has showed that the distance determination
function is relatively robust against small gaps in the positioning.
The results showed that both the distance-based and distance-
related charging small gaps have minor if any influence on the
determination of distance. The distance-related distance determi-
nation is more robust towards the occurrence of small interruptions
in the positioning information due to both satellite unavailability
and time to first fix. In addition, the results demonstrated that
due to map-matching of positions to the road network, the exact
same distance is more easily attained for distance-related charging.
However, the distance-related charging is more dependent of the
spatial location of gaps in the position measurements.
Secondly, it was found that for both charging methodologies, the
large gap durations of up to 10 minutes have severe influence on
the distance determination both as a single gap or as few gaps
during a trip. Both in situations with single or few large gaps,
the distances generally are underestimated and deviate notably
from the true distance. The results furthermore show that the
distance-based distance determination is better at reproducing the
true distance for trips with large gap durations. On average, the
determinated distances for the distance-related charging method-
ology constitute less of the true distance and more importantly,
distance determination was not possible for all of the 25 trips.
In addition, the results showed that for small gap durations the two
charging methodologies both meet the performance requirement of
+/- 1 % deviation from the true distance. In the case of large gap
durations, the distance deviations for the 25 trips are all less than
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-1 % of the true distance with both charging methodologies. This
means that both charging methodologies are robust towards small
gaps and that in case of large gaps the road users are not over-
charged. The importance of these results is that for the majority
of trips the distance driven can be determined with less than +/-
1 % distance deviation as the occurrence of small gaps is most
frequent during trips. It is however important to keep in mind,
that the presented results from this chapter depend on both the
truth of the digital road network and the map-matching algorithm
used for the distance determination. For both charging method-
ologies, many different algorithms exist and the performance of
these varies as seen from the TfL Trial analyses. Although the
distance deviation is more than +/- 1 % from the OBU mileage
for both charging methodologies, improvement is found compared
to the distance deviation results from the London TfL Trials.
Finally, the probabilities of different outcomes were illustrated for
both charging methodologies. The event trees presented in this
thesis showed that when gathering the results in event trees the
majority of trips will result in correct charges. Although the fig-
ures are not exact, they demonstrates the distribution of correct
charging with less than +/– 1 % deviation for the two charging
methodologies. The results showed that while large gaps have
a higher influence in distance-based charging, the distance-based
methodology on average results in less distance deviation from the
truth for small and medium gaps.
The presented figures are important in relation to the design of
GNSS-based road charging systems, as the results demonstrate
the gap influence on the two distance determination methodolo-
gies. While the distance-related determination is more robust to-
wards small interruptions in the positioning measurements and
better in attaining the exact same distance for the exact same
trip, the total average constituting the true distance is however
higher for distance-based charging. The TTFF and gap tolerance
of the distance determination in both types of charging schemes
is important for the road charging system’s ability to charge the
road users correctly for their road usage.
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7.5 Summary
In this chapter, an assessment of the distance determination per-
formance has been presented. There are important findings to be
taken forward from this chapter.
This chapter has provided a new assessment methodology for as-
sessing the gap influence on the driven distance determination
based on simulation. Although the methodology is fairly simple,
the methodology provides new valuable results on gap influence
which to the author’s knowledge does not exist in the literature.
The gap influence results were in addition summarized for both
charging methodologies based on the results from this PhD work
and the probabilities of different charging outcomes were demon-
strated.
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Chapter 8
Dependability of
GNSS-based Road
Charging Systems
The performance assessments in the previous chapters have pre-
sented both the technical challenges during the experiment and the
challenges of vehicle location determination and driven distance
determination. These different challenges have different impact on
the overall system dependability and should therefore be consid-
ered during the design of GNSS-based road charging systems. As
dependability is an important requirement for a GNSS-based road
charging system, the system must provide fair charging and gain
user trust by ensuring system reliability and liability. This chapter
discusses the impact of the assessment results in relation to system
dependability. Hereafter different perspectives are discussed in re-
lation to providing fault tolerance road charging, and finally this
chapter provides guidelines for future GNSS-based road charging
trials and GNSS-based road charging in Denmark.
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8.1 Dependability Risk Assessment
The preceding chapters have highlighted the complexity of GNSS-
based road charging systems performing many different functions
by means of various technologies. GNSS-based road charging sys-
tems often involve automated processes and interaction between
components and different interfaces. These complex systems rely
on the performance of every single element as one failure can result
in failure of the whole system and affect the dependability of the
road charging system. Reliability, integrity, accuracy and availabil-
ity are important performance requirements for GNSS-based road
charging systems in order to provide a dependable road charging
service that is acceptable to governments, road providers and the
road users who will rely on them. Generally, road charging sys-
tems require high dependability to ensure the road users trust and
avoid economic losses. This high degree of dependability gives the
road users a good sense of credibility towards the road charging
system, as it is important for the road users to know that they are
being correctly charged for their road usage.
The results from the assessments conducted in this thesis demon-
strate that although significant performance improvements have
happened during the last five years, there are significant challenges
to overcome in relation to implementation and operation of GNSS-
based road charging systems. The results presented show the ex-
isting performance level of the vehicle location determination and
driven distance determination for GNSS-based road charging sys-
tems based on state of the art technology. The results presented in
this thesis are all based on the collected data in its original form.
Data has thereby been represented in its true form as it would be
used as input for the automated charge calculation process in a
road charging system. The many challenges and results have dif-
ferent impact on the dependability of GNSS-based road charging
systems. In the following the results found from the assessments
in this thesis are discussed in relation to the dependability. The
dependability risk assessment presented in the following is sum-
marized in Figure 8.1 on page 251.
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8.1.1 Data Reliability
The assessment of the data reliability (in Chapter 5) showed a
severe level of unreliability due to technical problems during the
experiment which resulted in a high level of data invalidity and
deficiency. For the same reason, the collected data was also found
to be inaccurate and incomplete in its form for the purpose of
charging road users for their road usage. The data included in-
correct information as well as many incorrect data records that
put a lot of unnecessary stress on the system thereby affecting the
system’s overall performance. The high percentage of invalid trips
registered with several records, but without distance or duration,
affects the back-office performance as these invalid data records
are being both transmitted and processed in the system. The ex-
tra load of invalid data records may result in capacity or memory
problems leading to for instance server break-downs. The invalid
trips which do have a distance due to position fluctuations could
result in incorrect charging if not filtered out of the data prior to
the driven distance determination. This emphasizes the need for a
data processing function prior to the distance determination and
road charge calculation process.
A more severe concern was caused by the occurrence of overlap-
ping trips in the data set. Even though the percentage of over-
lapping trips was small, the severity of charging road users for
trips in different geographic locations within the same time frame
is alarming. As both overlapping trips were registered normally,
automated charging processes would have difficulties in verifying
which trip is the valid one to charge. However, filtering techniques
could be applied to verify that trips performed by the same road
user have a logical connection with respect to the different trips
driven. This example of data invalidity is very important to en-
sure system liability and emphasizes the need for an enforcement
system which can help to verify trip activity and produce evidence
in case of complaints from the road users.
In addition the results showed a great difference in the perfor-
mance of the OBUs. Although the OBUs were from the same
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vendor, there was a significant difference between how well each
OBU performed. This of course can be due to hardware or soft-
ware problems for specific OBUs, but the overall concern from this
is the road charging system’s ability to provide equally fair charg-
ing for all road users. Basically all OBUs should be able to provide
equal performance in order to ensure that all road users will be
charged equally for the same trips. The results furthermore rise
the question of how to detect and handle incorrect working OBUs.
Generally, incorrect working OBUs can be due to both technical
problems and intentional tampering (e.g. jamming) with the units
for which reason quick and timely detection and handling of such
OBUs is essential for the system dependability.
The challenge of ensuring data reliability is therefore both to pre-
vent the technical problems resulting in these data errors but also
to consider the handling of the data invalidity so that automated
data processing can replace manual error detection and correction
work. The handling could include different filtering techniques and
methodologies in a data processing function prior to the distance
determination and charge calculation supported by an enforcement
system.
8.1.2 Vehicle Location Determination Performance
The assessment of the vehicle location determination function (in
Chapter 6) showed a high level of unavailability. A large percent-
age of the unavailability was due to technical problems resulting in
system downtime gaps and gaps caused by incorrect system con-
figuration. Although these gaps caused by system downtime and
configuration faults constituted a large percentage of the vehicle
location determination unavailability, these gaps only constituted
a small percentage of the total number of gaps. The majority of
gaps was found to be less than 25 seconds and in most trips the
total duration of the gaps was between 2–5 seconds. Although
these minor gaps occurred frequently during the trips, they only
constitute a small risk with respect to the system dependability
as the trips easily can be reproduced for charge calculation. How-
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ever, both the medium and large GPS gaps can result in poor trip
reproduction and therefore constitute a more significant risk with
respect to system dependability. The same conclusions apply for
the TTFF gaps although the dependability risk is slightly higher
with TTFF gaps as the driven distance determination proved to
be more influenced by TTFF gaps.
In addition the results showed that the positioning accuracy no
longer threats the required navigation performance in relation to
land applications. From the literature study (in Chapter 4), the
results show that the average obtainable position accuracy in dense
urban areas in Europe is approximately 6–12 meters. The posi-
tioning accuracy has improved significantly due to the improved
satellite visibility and now partly satisfies the requirements for
liability-critical road transport applications in Copenhagen. 99.85
% of the position measurements are within 100 meters from the
center of the road, which is a significant improvement compared
with similar results from for example London. In 81 % of the sys-
tem uptime there are more than five visible satellites from which
the redundant observation can be used to give timely system warn-
ings.
The improved satellite visibility is the result of both improved
satellite conditions and a development in GNSS receivers which
generally use HSGPS receivers nowadays. The positioning accu-
racy is therefore no longer considered a serious risk with respect to
the system dependability although positioning outliers can always
occur due to the different error sources. However in order to de-
termine vehicle locations in dense urban areas where parallel roads
are close to each other an accuracy level of 20–30 meters is neces-
sary to distinguish between roads. This in combination with the
more densely build up areas in city centres means that positioning
accuracy is a greater dependability risk for cumulative charging
schemes with spatial degree of detail at road segment level. For
cumulative charging schemes with spatial degree of detail at zone
level, the risk can be minimized by establishing buffers at the zone
borders. In order to locate the vehicle correctly in 99 %, the results
showed that buffers of 100 meters are necessary for Copenhagen.
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Furthermore, the results showed that in 84 % of the trips, the
positioning ratio constitutes more than 90 % of the trip. In rela-
tion to the ability of reproducing the distance driven, the maxi-
mum continuous gap duration is of interest. Here the results from
the assessments presented in this thesis show that 90 % of the
trips have maximum continuous gap durations of less than 60 sec-
onds. This is especially interesting for choosing supporting dead-
reckoning systems for the vehicle location determination function.
Most of today’s available dead-reckoning systems can support the
vehicle location determination up to 60 continuous seconds, which
means that gap durations for the last 10 % of trips hence should
be addressed in other ways. The large continuous gaps are hence a
serious risk for the system dependability. The missing distance de-
termination during these gaps is important in relation to the ability
of reproducing the total distance driven. The results showed that
in 90 % of the trips, the gap distance ratio constitutes up to 30
% of the trip. The large gap distances are therefore a significant
risk as these are the distances which become estimates in the trip
reproduction. Furthermore, the gap distance results showed that
99 % of all the gaps result in distances less than 200 meters. The
average gap distance excluding outliers was found to be 15 meters.
The challenge of meeting the required navigation performance pa-
rameters and ensuring dependable vehicle location determination
for the purpose of road charging is to reduce the number of GPS
gaps and prevent the gaps caused by system downtime and con-
figuration faults.
Figure 8.1 illustrates a qualitative dependability risk matrix for
the vehicle location determination function based on the results
found in this thesis. The figure demonstrates the different dis-
cussed issues in relation to their occurrence frequency and conse-
quence severity.
The figure demonstrates that the vehicle location determination
function is subject to dependability risk hence the consequences
exceed the acceptable green level. Issues within the red level are
critical for the system dependability and precautions should be
made to decreased the applied risk. Issues within the yellow level
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Figure 8.1: Dependability Risk Matrix for the VLD Function.
are less critical but still severe for the system dependability. Hence,
especially the upper yellow level should be thoroughly considered
in the design of GNSS-based road charging systems.
The dependability risk matrix provides a good indicator of the
dependability threats towards GNSS-based road charging systems
based on the on the results found in this thesis. It should however
be noted that the dependability matrix is even more complex when
including the additional threats (e.g. jamming) towards the system
which have not been included in this PhD research.
8.1.3 Influence on Driven Distance Determination
The simulation analyses of the gap influence on the driven distance
determination (in Chapter 7) showed that the distance determi-
nation function is relatively robust against small gaps in the posi-
tioning. Whether the distance determination is distance-based or
distance-related, the driven distance can be determined for both
minor gaps and minor TTFFs of less than 10 seconds. Even with
several or many small gaps in a trip, the driven distance can be de-
termined for the majority of trips with less than +/- 1 % deviation
from the truth. With several medium and large gaps in the trips,
both distance determination methods have trouble in reproducing
the driven distances with distance deviations more than +/- 1 %.
The importance of these results is that for the majority of trips the
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distance driven can be determined with less than +/- 1 % distance
deviation as the occurrence of small gaps is most frequent in trips.
The simulation results (summarized in Table 8.1) in addition show
that the majority of trips will result in correct charging.
Table 8.1: Summary of Distance Determination Performance.
The results presented from the simulation are simplified and based
on the experimental results. Hence they do no present the exact
values as in a real-life setup, but they do give an indication of the
current performance level. It is however important to keep focus on
the last small percentage of trips for which the distance deviation
is more than +/– 1 %, in order to reduce the number of trips than
hence must be charged based on alternative methodologies. Road
charging based on alternative methodologies will all things being
equal result in undercharging and thereby become a cost for the
road charging system.
The challenge of meeting the requirement of 99 % of trips with
only +/– 1 % deviation from the driven distance is both to reduce
large maximum continuous gaps as these are the most difficult to
reproduce and to improve the methodologies for determining the
distance driven. The results from London (refer to Chapter 4) un-
derlined the importance of choosing the right combination of OBU
and distance determination methodology in order to obtain the
best results for the road charging process. The results presented in
this thesis are based on simple methods but many different meth-
ods exist for both distance-based and distance-related charging
which include more advanced algorithm and filtering techniques.
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There are different possibilities to reduce this last percentage of
trips for which the distance deviates more than +/– 1 % from the
truth. This small percentage is very important for the system as
these trips require alternative charging methodologies which give
rise to more manual data work, more validation of trips, increased
handling of complaints etc. Hence these trips can, at the end of
the day, become very costly for the road charging system both
economically and in terms of system credibility.
In the literature, both internal and external augmentation systems
have shown potential of supporting the vehicle location determi-
nation function in better positioning results. Although it appears
from the literature study that there are not many comparable tests
of the use and the possibilities of internal augmentation systems
in connection with road charging systems, the few studies that
have been carried out indicate that results are promising for the
use of dead-reckoning systems for GNSS-based road charging. The
use of both dead-reckoning systems, data assistance from overlay
services and cellular network, application augments, and comple-
mentary technologies can provide additional support for the vehi-
cle location determination function ([Zijderhand et al., 2006] and
[Pickford and Blythe, 2006] provides a comprehensive review). It
is however unrealistic to believe that the vehicle location determi-
nation function in the near future will be able to provide 100 %
correct positioning as the positioning very much depends on both
spatial conditions and external conditions such as soft- and hard-
ware faults, human errors, jamming etc. The focus of the system
performance concerns should therefore be placed on how future
GNSS-based road charging system can be design to work reliably
with the occurrence of both data invalidity and data deficiency.
In electrical engineering, fault tolerant design is a design that by
redundancy enables a system to continue operation, when some
part of the system fails [Avizienis et al., 2000]. The fault tolerance
methods deal with how to deliver correct service in the presence of
faults and are therefore a very important means for dependability
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as it allows the user to rely on the system regardless of the faults
[Deconinck and Peperstraete, 1997]. Regarding GNSS-based road
charging systems, the questions of concern should hence be:
• Which procedures can be implemented to ensure dependable
system operation despite the occurrence of faults and short-
comings?
• Which filtering techniques and methodologies can be inte-
grated into the back-office system to ensure correct charging
in case of faults?
• Which technology or methodologies can be developed to give
timely system warnings before the faults happen?
• And what kind of applications should be implemented to
protect both the system and the end-user from fraud and
misusage?
...and many more. Fault tolerance is generally implemented by
error detection and subsequent system recovery methods.
The fault tolerant design should be implemented both at the com-
ponent and function level for the road charging process which is
the most liability-critical part of the road charging system. How-
ever, in order to provide a dependable road charging system, the
fault tolerant design should also be considered at system level –
preferably quite early in the system design process. Based on
the conceptual system architecture (developed in Chapter 3), fault
forecasting methodologies can be used to assess and predict faults
and failures both at the functional and component levels. The
consequences and their severity regarding system dependability
can hence be handled prior to the detailed system design.
8.2.1 Fault Tolerant Road Charging Process
The road charging process (refer to Chapter 4) consists of many
different technologies and procedures which together shall ensure
that the road users are charged correctly for their road usage.
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To ensure high dependability of the road charging process, fault
tolerant design should hence be considered in relation to many
different components and functionalities within the process.
The inclusion of some kind of enforcement system is a well-known
fault tolerant design implementation within the road charging pro-
cess. The enforcement system is a redundant method of providing
knowledge of the road users road usage when their driven trips
cannot be reproduced. Although, the enforcement system pro-
vides vehicle location knowledge at a reduced level, it contributes
with useful information to the road charging process rather than
failing completely. In the same way, dead-reckoning system in-
tegration in the OBU is also a well-known fault tolerant design
solution. The dead-reckoning system provides position estimates
in the case of satellite unavailability and supports the vehicle loca-
tion determination function. Although the DR position estimates
have a lower level of accuracy, it provides useful estimates to the
trip reproduction in the case of positioning gaps.
Likewise, fault tolerance should be included in the driven dis-
tance determination. As seen from Chapter 7, the distance-related
charging methodology sometimes fails to determine the driven
distance. In these cases, the distance-based charging methodol-
ogy can be used as a redundant system to provide distance es-
timates. Basically, distance-related distances should be shorter
that for distance-based distance determination. However, if the
distance-related distance deviates notably (e.g. more than 50 %)
from the distance-based distance, the system cheats itself by under-
charging the road user and should instead use the distance-based
distance. Opposite, if the distance-related distance is longer than
the distance-based one (e.i. +/– 1 %), the vehicle location data
should be verified as the system otherwise overcharges the road
user. In more severe cases of data loss, the vehicle location deter-
mination function could for instance in addition be supported by
data readings from the vehicle’s CANbus1.
The main objective of fault tolerant design within the road charg-
1CANbus is a serial communication system used on many motor vehicles
to connect individual systems and sensors.
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ing process is to ensure fair charging of the road users. This means
that redundant systems, procedures and components should be im-
plemented to ensure that when fault and failures occur within the
road charging process, the road charge foundation will still be de-
pendable and provide fair results towards both the road users and
the road charging system.
8.2.2 Fault Tolerant System Design
However, to provide a dependable road charging system, fault tol-
erant design must be implemented to ensure maximum system
uptime. If the road users often experience system downtime and
configuration faults, it will affect the road users’ trust and accept-
ability of the system which in the end can have severe impacts on
the system credibility.
Fault tolerance should therefore be considered in terms of all sub-
systems, procedures and components which can result in system
downtime. This may include server break-downs, faulty on/offline
procedures and (web-) interfaces in the back-office solution, com-
munication failures, hardware/software failures and also human
errors. In addition, fault tolerant design should be considered in
all main functions including both billing, system and user service
management to ensure a dependable road charging system. The
fault-tolerant solutions should be able to handle several possible
failures, including both temporary or permanent failures within
the system and also physical damage or other flaws introduced to
the system from an outside source.
The essential ways of achieving fault tolerant design include de-
pendability enhancing techniques that are used during the vali-
dation of components to estimate the presence of faults and the
occurrence and consequences of failures. This includes both relia-
bility prediction methodologies and several methods for reliability
assessment without prediction which can be conducted to identify
and analyze the failure modes of a system and support the system
development. [Foucher et al., 2002] provides a review of reliability
prediction methods while [Du¨pow and Blount, 1997] provide a list
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of commonly used reliability assessment/analysis methods.
The fault tolerant design can provide dramatic improvements in
system dependability and lead to a substantial reduction in charg-
ing failures as a consequence of fewer disabling system failures.
8.3 Proposed Guidelines
Based on the several findings of this thesis, some general guidelines
can be formulated for future GNSS-based road charging systems.
The proposed guidelines described in the following address both
GNSS-based road charging trials in general and a future GNSS-
based road charging system in Denmark.
8.3.1 GNSS-based Road Charging Trials
When completing a trial or a technical experiment, there are al-
ways new experiences gained. Some of these experiences are of
course trial specific but most of them are valuable experiences that
one would wish were known prior to the experiment. These experi-
ences are important to share as proposed guidelines, so that others
designing and conducting GNSS-based trials and experiments can
benefit from these valuable lessons learned.
The lessons learned from the experiment and work conducted in
this PhD study are manifold. Table 8.2 lists the most important
ones as guidelines proposed by this thesis.
The guidelines proposed for GNSS-based road charging trials focus
on the experimental design and the trial execution. The previous
chapters have described the technical challenges, problems and
considerations during the experiment which have formed the basis
for the guidelines presented.
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8.3.2 GNSS-based Road Charging in Denmark
In Denmark, different road charging schemes and solutions have
been discussed during the last decade. Based on the performance
assessments conducted in this PhD study, the literature study pre-
sented and previous work with the AKTA experiment, this thesis
proposes some guidelines for a GNSS-based intelligent road charg-
ing system in Denmark.
In Europe different GNSS-based charging schemes exist (refer to
Chapter 2), however none of these are based on cumulative GNSS-
based charging. Both the Swiss LSVA and the German truck
tolling schemes employ GPS to provide continuous vehicle position
information, although both of the schemes determine the driven
distances by other means. Cumulative road charging schemes are
generally considered as complex and risky systems due to the tech-
nology dependency. As seen from the assessment results, the ve-
hicle location performance might be good for one type of road
charging schemes while inaccurate for others. This is due to the
different charging schemes having different requirements depend-
ing on charging objective, the scale of the system and how the
charge is to be calculated.
This thesis proposes some guidelines in relation to the most com-
monly discussed charging schemes. Table 8.3 lists the guidelines
proposed by this thesis. The guidelines proposed for GNSS-based
road charging focus on the technical performance and dependabil-
ity. The previous chapters have described the technical challenges,
performance levels and considerations from the assessments which
have formed the basis for the guidelines presented.
8.4 Final thoughts...
Previous trials and performance assessments of GNSS-based road
charging systems have generally focused on the possibilities of the
charging systems rather than on the impossibilities. Often it has
not been clearly described which errors and shortages existed in the
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collected data, but instead they have just been excluded as invalid
data prior to the assessments which then concluded that more
focus should be placed on the errors occurred, the error rates and
their importance for the charging process in order to eliminate an
even bigger part of the sources of error and obtain a higher system
dependability. Although the results were strongly affected by the
technical problems during this experiment, it has been deliberate
not to exclude faulty and incorrect data. The results presented in
this thesis are all based on the collected data in its original form.
Data has thereby been represented in its true form as it would
be used as input for the automated charge calculation process in
a road charging system. The occurrence of technical errors would
however be pre-tested and therefore reduced in a real road charging
system setup compared to the experimental setup presented in this
thesis.
And with these results presented, the always returning question in
connection with GNSS-based road charging systems must be ad-
dressed: How far are we technically from being able to implement
a dependable all-roads-all-vehicles solution? The precise answer
would be easy to give if we as researchers could predict the future.
However, based on the comprehensive work done both within the
literature and as a part of this PhD study, trying to clarify the
technological challenges of GNSS-based road charging systems, the
best answer is:
We are close...
Technically, the results show that significant improvements have
happened through the last five years concurrent with the on-going
technology development. There are however still some technolog-
ical challenges to overcome, which to a greater extent are reme-
diated by better collaboration across the many different subject
areas. As with many other ITS systems, a successful design, im-
plementation and operation of a system is only achieved when the
many different stakeholders understand each other’s requirements
to the system. The system architecture as a conceptual design
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together with the system engineering methodology can help to in-
volve all the different parties in the system development and hence
minimize the misunderstandings which at the end can become very
costly for the system. GNSS-based road charging systems are very
complex systems. It is therefore important to widen the focus from
technical challenges and component inaccuracies to a focus of the
system dependability as a whole and consider all influencing fac-
tors which threat the dependability of any of the system functions.
This can be achieved by carrying out trials and experiments which
include the surrounding functions and functionalities supporting
the road charging process in GNSS-based road charging systems.
In addition, more focus should be put on greater visibility of data
results and the methodologies used for different assessments and
better sharing of available data.
Ultimately, the final answer to the above question is connected
with both the political objectives for the system and the road users’
acceptability of GNSS-based road charging systems. Nevertheless,
it is still exciting to see where and when the first full-scale GNSS-
based road charging system will be initiated.
Chapter 9
Conclusions
This chapter presents the main findings of this PhD work on vehicle
location determination in GNSS-based road charging systems and
provides recommendations for future work.
9.1 Conclusions
The results of the technical experiment conducted in this PhD
study showed that significant improvements have happened through
the last five years. The performance assessment of the vehicle lo-
cation determination showed that the satellite visibility had im-
proved significantly in Copenhagen between 2003–2008. Both the
number of visible satellites and the horizontal dilution of precision
had improved substantially, which means that the prerequisites for
GNSS-based vehicle location determination had enhanced concur-
rent with the on-going technology development. In addition, the
results showed that the required navigation performance parame-
ters for road transport applications were significantly better than
compared to performance assessment results from London in 2002.
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There are however still some technical challenges to overcome,
which to a greater extent are remediated by better collaboration
across the many different subject areas. The technical experiment
conducted in this PhD study proved to suffer from different tech-
nical challenges which had different impacts on the overall system
dependability. Due to these challenges, data was however found to
be unreliable for road charging purposes in its existing form. The
data includes both inaccurate and incomplete data information,
and it was hence concluded that with these high levels of data in-
validity and deficiency, data could not be used in its current form
as basis for a road charging process. This underlines the impor-
tance of a data processing functionality prior to the road charge
calculation and usage determination in the road charging process.
While the accuracy requirement in Copenhagen was partly met,
the continuity and hence availability required for vehicle location
determination suffered from severe gaps in the positioning data.
These gaps were due to both satellite unavailability, caused by
poor urban signal reception and long receiver acquisition times,
and furthermore due to the various technical problems and con-
figuration faults which occurred during the experiment. Based on
these results, it was found that the occurred positioning gaps could
be classified into three overall categories:
GPS gaps which are the minor gaps less than ten minutes pri-
marily caused by GNSS unavailability including time to first
fix gaps.
Downtime gaps which are the gaps with durations less than a
day. These gaps are primarily caused by technical problems
or system maintenance resulting in positioning downtime.
Configuration gaps are large gaps with durations lasting more
than a day. The large gaps are primarily caused by technical
configuration faults in the system set-up, resulting in incor-
rect gap durations or long periods of positioning downtime.
As both the satellite visibility and the positioning accuracy had im-
proved significantly, the results indicated that the main challenges
related to vehicle location determination are not as often stated
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due to positioning inaccuracies but rather due to a high level of po-
sitioning interruptions mainly caused by GPS. The results showed
that 63 % of the trips had interruptions in their positioning, with
22 gaps per trip in average. From this performance assessment it
was furthermore concluded that the main concerns regarding the
unavailability of the vehicle location determination should be how
to eliminate the large downtime and configuration gaps and reduce
the occurrence of the many GPS gaps.
The simulation analyses of the gap influence on the driven distance
determination showed that the driven distance determination func-
tion was relatively robust against small gaps in the positioning.
The results demonstrated that for both the distance-based and
distance-related charging, small gaps had minor if any influence on
the determination of distance. The distance-related distance deter-
mination was more robust to the occurrence of small interruptions
in the positioning information due to both satellite unavailability
and time to first fix. In addition, the results demonstrated that
with map-matching of positions to the road network, the exact
same distance is easier attained for distance-related charging. The
distance-related charging was however more dependent of the spa-
tial location of gaps in the position measurements. Furthermore
it was found that for both charging methodologies, large gap du-
rations of up to 10 minutes had a severe influence on the driven
distance determination as the determined distances were gener-
ally underestimated and deviated notably from the true distance.
However, the distance-based distance determination was best at re-
producing the true distance for trips with large gap durations. On
average, the determined distances for the distance-related charg-
ing methodology constituted less of the true distance and more
importantly, the distance determination was not possible for all
trips.
Based on the different assessment results from this thesis, the prob-
abilities of different outcomes were calculated for both charging
methodologies. The results showed that since the driven distance
determination is most robust to small gaps and small gaps are
the most frequent interruptions in the data set, the majority of
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trips will result in correct charges. Although the figures presented
were not exact, they demonstrated the probability distribution of
correct charging with less than +/– 1 % deviation for the two
charging methodologies. In addition it was found that while large
gaps have a more significant influence in distance-based charging,
the distance-based methodology on average results in less distance
deviation from the truth for small and medium gaps. The re-
sults from this thesis demonstrated that the road charging process
in GNSS-based road charging systems is subject to a severe de-
pendability risk if not considered prior to the system design and
deployment. The challenge of meeting the requirement of 99 %
of trips with only +/– 1 % deviation from the driven distance is
both to reduce large maximum continuous gaps as these are the
most difficult to reproduce, the many small gaps as these are very
frequent and to prevent the interruptions caused by system faults.
The results from London underlined the importance of choosing
the right combination of OBU technology and distance determina-
tion methodology in order to obtain the best results for the road
charging process. Although few comparable tests exist of the pos-
sibilities with internal augmentation systems in connection with
road charging systems, the few studies that have been carried out
indicate that the results are promising for the use of dead-reckoning
systems for GNSS-based road charging.
This thesis therefore concludes that though the vehicle location
determination performance is fair, the focus of the system perfor-
mance concerns should be placed on how future GNSS-based road
charging system can be designed to work reliable with the occur-
rence of both data invalidity and data deficiency. It is therefore
important to widen the focus from technical challenges and com-
ponent inaccuracies alone to a focus on the system dependability
as a whole. The guidelines proposed for future GNSS-based road
charging trials and systems are derived from the technical chal-
lenges, problems and considerations learned from this PhD study.
There is however still some technological challenges to overcome,
which to a greater extent are remediated by better collaboration
across the many different subject areas. As with many other ITS
systems, a successful design, implementation and operation of a
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system is only achieved when the many different stakeholders un-
derstand each other’s requirements to the system. The system
architecture as a conceptual design together with the system engi-
neering methodology can help to involve all the different parties in
the system development and hence minimize the misunderstand-
ings which at the end can become very costly for the system.
9.2 Main Contributions of this Work
This PhD study deals with assessing the performance of the ve-
hicle location determination function that computes the position
measurements used for charging. In the process of answering the
research question regarding the challenges and performance of the
vehicle location determination, this PhD work has contributed
with:
• An overview and classification of existing road charging sche-
mes and enabling road charging technologies.
• An identification of the functional and non-functional re-
quirements to GNSS-based road charging systems.
• A definition of the conceptual design of GNSS-based road
charging systems; together with a description of system func-
tionalities and a definition of the high-level functional archi-
tecture.
• A description and definition of a functional flowchart for the
road charging process within GNSS-based road charging sys-
tems.
• An in-depth literature review of GNSS-based case studies
regarding road charging.
• New results on vehicle location determination performance
based on a technical GNSS-based road charging experiment;
together with a classification of the error contributions.
• A methodology for assessing the data reliability prior to ex-
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clusion of invalid data records.
• A comparative assessment of the satellite visibility and di-
lution of precision in Copenhagen between 2003–2008 based
on a GIS methodology developed by this PhD study.
• An assessment of the required navigation performance for
liability-critical road transport applications; including new
methodologies developed by this thesis for assessing the po-
sitioning continuity and time to first fix.
• An assessment of the gap influence on driven distance deter-
mination based on a new simulation methodology developed
for this research.
• A probability assessment based on the results from this thesis
of the different charging outcomes for both distance-based
and distance-related charging.
• A dependability risk assessment of the different challenges
and failures.
• Proposed guidelines for fault tolerant road charging design;
and for future GNSS-based road charging trials and systems.
9.3 Recommendations for Future Research
This thesis provides a broad foundation for further exploration
and research of GNSS-based road charging systems. This PhD
work has contributed to the performance assessment of vehicle
location determination and of the gap influence on the distance
determination. Within these subjects, further studies are proposed
below:
Additional performance parameters This thesis has focused
on assessing the performance in relation to the required nav-
igation performance parameters. In this connection, addi-
tional performance parameters could be developed for sup-
porting the assessment of the vehicle location determination
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Accuracy assessment methodology For accuracy assessments
without a reference GNSS receiver, new and improved GIS
methodologies could be developed supporting the proximity
analyses of fix densities and total outage parameters. Accu-
racy assessments of the vehicle location determination con-
sidering the road dimensions could in addition be interesting.
Spatial statistics Research work could be done within spatial
statistics. Cluster analyses of position measurements, TTFFs
and other factors could provide valuable information to un-
derstand the vehicle location determination.
Simulation methodology The simulation methodology used for
the research presented in this thesis is based on a simplified
approach. The methodology could be expanded to included
more gap scenarios and for instance combinations of scenar-
ios to simulate and assess the influence of different types of
gaps in the positioning.
GNSS experiments Learning from the experiences of the tech-
nical experiment conducted in this thesis, guidelines are pro-
vided for future GNSS-based road charging trials and exper-
iments. Several new studies could be conducted in relation
to assessing the integration of GNSS with internal/external
augmentation; the possibilities of enhancing the positioning
continuity or assessing the system dependability of the entire
road charging process in large-scale trials.
In addition, this PhD research has in addition contributed with
some overall definitions of the conceptual system design and con-
siderations regarding the system dependability. Within these sub-
jects, further studies are proposed below:
Road charging requirements This thesis has classified and pro-
vided some generic functional requirements to GNSS-based
road charging systems based on the concepts of system en-
gineering. Further studies on decomposing the functional
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requirements to the component level could provide benefi-
cial information prior to system design. In addition, a fur-
ther identification and classification of the non-functional re-
quirements is necessary to develop a well-functioning road
charging solution.
System architecture As the need for system architectures is be-
coming more evident within ITS applications, further studies
could be conducted to decompose or expand the high-level
functional architecture defined by this thesis.
Fault tolerant charging systems As discussed in this thesis,
complex GNSS-based road charging systems will always in-
clude some kind of faults and failures within the system. This
thesis has suggested some means of ensuring a fault tolerant
road charging system, but further research on failure rates
and fault tolerant design in collaboration with other subject
areas would provide indispensable information for future de-
ployment of GNSS-based road charging systems.
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Appendix A
Haversine Formula
A.1 Determination of Distance Between Two
Points
The distance between two position measurements were calculated
by the Haversine Formula [Sinnott, 1984]. This formula for dis-
tance determination between two points in spherical coordinates
(longitude and latitude) are given in the following:
dlon = lon2− lon1
dlat = lat2− lat1
a = (sin(dlat/2))2 + cos(lat1) ∙ cos(lat2) ∙ (sin(dlon/2))2
c = 2 ∙ atan2(√a,√1− a)
d = R ∙ c
Where R = 6, 367 km (Radius of the Earth).
The Haversine formula is only an approximation as the Earth is
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not a perfect sphere. The Earth radius R varies from 6,356.78 km
at the poles to 6,378.14 km at the equator. Hence, there are small
corrections typically on the order of 0.1 % [Lewis et al., 2007].
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